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PREFACE

The National Earthquake Prediction Evaluation Council (NEPEC) was
established in 1979 pursuant to the Earthquake Hazards Reduction Act of
1977 to advise the Director of the U.S. Geological Survey (USGS) in issuing
any formal predictions or other information pertinent to the potential for
the occurrence of a significant earthquake. It is the Director of the USGS
who is responsible for the decision whether and when to issue such a
prediction or information.

NEPEC, also referred to in this document as the Council, according to its
charter, is comprised of a Chairman, Vice Chairman, and from 8 to 12 other
members appointed by the Director of the USGS. The Chairman shall not be a
USGS employee, and at least one-half of the membership shall be other than

USGS employees.

The USGS recently has begun to publish the minutes of NEPEC meetings. This
open-file report is the fourth in an anticipated series of routinely
published proceedings of the Council.
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National Earthquake Prediction Evaluation Council
Minutes of the Meeting
September 8 & 9, 1985
Anchorage, Alaska

Council Members Present
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SEPTEMBER 8
EXECUTIVE SESSION

Lynn Sykes opened the Council's Executive Session with a review of the
meeting's agenda. The principal objectives of the session include the
conclusion of unfinished business from the previous meeting (July,

Menlo Park, California); discussion of Alaskan seismicity and updating the
existing hazard letter from the U.S. Geological Survey to the State of
Alaska regarding the Yakataga Seismic Gap. Unfinished business from the
July meeting includes 1) conclusions about the San Andreas fault (froin Bear
Valley to the Mid-Peninsula) and the Calaveras fault; 2) reflections on the
Wyss-Burford prediction; and 3) conclusions about U.S. Geological Survey
(USGS) catalogues for central California and Parkfield.



Sykes also updated the Council on a pronosed
on the Parkfield decision-matrix discussed at
Council. In essence, Filson and his branch|c
docunent entitled "Parkfield Earthquake Predi
document will be published as a USGS open-fil
later in the meeting.

Discussion of Calaveras Fault

Wesson offered that there may be a good speg
magnitude 6 eartnquake north of Morgan Hill
Council received enough information to prese
prediction. Davis expressed concern about t
of the uncertainties regarding the Calaveras
forwarded his own concerns and observations
Emergency Services, but did leave room for an
Council. He moved that the Council summarize
by William Bakun and others at the Council's

u
b
n
h

2

meeting with the USGS Director
the July meeting of the

hiefs had met and prepared a

ction Scenarios." The

e report and will be discussed

lative argument for a

ut isn't certain that the

t this argument as a

e public policy implications
fault. He has already

to the California Office of

official expression from the
the circumstances described
July meeting and that the UJSGS

be requested to communicate its concern regarding the potential for damage

in that area.

Wesson was concerned about forwarding to the
has not fully digested. He wondered whether
to increase attention to the problems in tha
need to inform the State of our emerging ins
it can consider the timing of future events
non-threatening manner or emergency situatio
the need to begin a dialogue with the State
this area. Ellsworth suggested that it is in
noted that other areas are perhaps even more
troubled that the Hayward fault is not being

L

n

The Council voted to adopt Jim Davis' motion
Volcanoes, and Engineering, U.S. Geological $
summary. Discussion then moved to considerat
and procedures. Wesson argued that the Counc
output should be and in what format the Coung
assessment. The Council agreed to discuss th
Executive Session. Ellsworth suggested tnat
Thatcher to investigate sites for future clus
their impending workshops to help the Council
continued discussion of the Southern Californ
Workshop and how that meeting might be replic
interest.

q

~

Sykes asked for conclusions, based on the las
Calaveras and San Andreas faults. General se
that the southernmost portion of the 1906 seg

USGS material

that the Council
this action would simply serve
area. Davis emphasized the

ights in the subject so that
in mitigating actions in a

.
regarding seismic haczards in

In effect, he aryued for

portant to flag this area but
critical. Further, he is

considered in this discussion.

The Office of Earthgquakes,

urvey, will write the

jon of the Council's duties

il needs to determine what its
il will deliver its

is topic further at its next

the working groups arranged by

ters of instrumentation use
assimilate data. The Council
ia Special Studies Areas

ated for the other areas of

t meeting, regarding the
ntiment of the Council was

ment is the one that has the




nigher seismic potential, but that the details are unknown, and is of
nigher concern than the Calaveras in terms of probabilities and expected
magnitudes and the societal impact should the earthquake be on the order of
a magnitude 7. However, there was still some disagreement and concern
regarding the significance of what is known. For example, Wesson was
uncomfortable that we don't know how strain buildup is transferred from the
San Andreas to the Hayward and Calaveras areas and that the Council did not
have enough time to adequately discuss all the available data on the area.

Sykes requested discussion of how the Council should respond to presenta-
tions forwarded to them that are or may be construed to be predictions;
such as the Wyss-Burford prediction or Carl Kisslinger's presentation
regarding Adak (which was given later that afternoon). Wesson offered that
there are two levels on which the Council should operate. The first level
is to review ongoing research, develop ideas, and make statements,
reflecting the consensus of the research community, regarding where the
next big earthquake is likely to occur. The other level is to respond to
specific predictions, Filson cautioned that the Council not become a super
review body for random research coming from the scientific community. He
suggested that perhaps a filter or screening process is needed to determine
which research should be reviewed. Kanamori and Dieterich agreed but noted
that it is unlikely that many researchers would request a Council review of
their research. Although a formal vote was not taken, the Council appeared
to be in agreement on Wesson's and Filson's points.

OPEN SESSION

Sykes outlined the purposes of this meeting of the Council as review of at
least two of the major seismic gaps in Alaska, estimates of repeat times of
large earthquakes, information on probability estimates of larye or great
earthquakes, and discussion of other faults near population centers in
Alaska such as Anchorage. The focus is on earthquake prediction and
adjacent topics such as earthquake risk or earthquake hazards.

Overview of Historical Seismicity

John Davies sketched the historic seismicity in Alaska. Three of the top
10 earthquakes of the world, in terms of M, energy, occurred in Alaska (in
1957, 1964, and 1965). Further, from 1904-1984 about 30 percent of the
world's seismic energy release took place in the Aleutian Islands. And,
the number of M 5.5 or greater earthquakes is greatest in Alaska compared
to the rest of the United States. About 75 percent of Alaska's M 7.2 or
greater earthquakes occurred along the Aleutian arc from Anchorage and
Valdez to Attu in the westernmost U.S. Aleutians; about 15 percent of the
events occurred in the transform zone from Yakataga to Juneau; and about 10
percent happened in the interior of Alaska. He discussed tectonic settings
in Alaska, focal mechanisms for the interior of the State, and whether
Alaska behaves as a single rigid plate or is actually comprised of two
plates. In the interior of Alaska the activity trends in a broad band from
north of Fairbanks to the Seward peninsula.



Aleutian Seismic Zone Focussing on Shumagin Islands Seismic Gap

Klaus Jacob began his presentation with a brief discussion of the entire
plate boundary from Canada to Kamchatka and conditional probabilities for
the occurrence of great earthquakes. Although these probabilities range
widely from their maximum to minimum at any given arc segment because of
the different data sets and methods used to calculate them, there exists a
pronounced segment of high probabilities in the eastern Aleutian arc.

Jacob focussed on the Shumagin Gap. The teleseismic data from the vicinity
of the Shumagin Gap show a significant redugtion in the rate of earthquakes
greater than or equal to M 5.5 since 1979, but the precursory implication
of this quiescence is difficult to determine. Jacob discussed the
seismicity patterns of rate changes and changes in focal mechanisms in
various sub-regions. Some of these changes [nay have resulted from stress
relaxation in the plate slab associated with a slip event in 1973 to 1980.
He suggests that monitoring of stress patterns may be useful for
identifying future slip events. The Shumagin Gap is centered on the
eastern Aleutian long-term probability high; there are conditiona!
probabilities for the next 20 years of 30 to 90 percent, some of the
highest known in the United States. There are no compelling data
suggesting that yet another slip event is imminent, and he does not feel
that presently there is sufficient evidence for a short-term precursor to a
great Shumagin earthquake. [Ed. note: See however, new information
submitted December 2, 1985, as per letter aﬂd short communication by J.
Taber and K. Jacob; Appendix D. 3. a.] j

Crustal Deformation Measurements in Shumagiﬁ Islands Seismic Gap

John Beavan described results from crustal deformation measurements taken
since 1972 to analyze regional subduction processes. The two lines with
the longest history in the Inner Shumagins show a tilt downwards towards
the trench, followed by a reversal from 1978 to 1980 and then again
downward tilt toward the trench. The rates for these three trends are -1.0
microradians per year; 2.7 microradians per year; and -0.4 microradians per
year; all with high confidence levels, for the periods 1972-78, 1978-80,
and 1980-85 respectively. A level line in the outer Shumagins also shows a
tilt reversal, but not a high confidence ievel. The 1978-80 reverse tilt
has been interpreted as a result of an approximately 1 meter aseismic
reverse slip episode between 25 km. and 70 km. on the Benioff zone; and the
1972-78 and 1980-85 data have been assumed to represent normal strain
accumulation in the area. There is also a suggested relationship between
the tilt reversal, the occurrence of deep edrthquakes, and the cessation of
activity at Pavlof Volcano. Surface displacements during strain
accumulation are calculated using a dislocation model with virtual slip at
the plate convergence rate on the main thrust zone. None of the wodels in
which the locked zone extends to the trench [fit the observed 1980-1985
data. The best fit occurs with the upper end of the zone at a depth of
25-30 kilometers and the lower end at 50-80 kilometers and implies that the
plate boundary shallower than about 25 km. may be slipping aseismically.
Alternatively, the model may be inadequate; for example, viscoelastic
effects may dominate. If the 1978-80 slip episode is a quasi-regular
feature of subduction, loading of the main thrust zone by a future similar
slip episode might trigger the expected great earthquake; nence monitoring
of the gap for the onset of reverse tilting may help-to forecast the
earthquake.



Strain Accumulation in the Shumagin and Yakataga Seismic Gaps

Jim Savage described strain accunulation in the Shumagin and Yakataga
seismic gaps as measured by deformation of trilateration networks fron
1980 to 1985. The results for the Outer Shumagin Islands may be corrupted
by the occurrence of two earthquakes in February 1983. For both the Inner
and the Quter Shumagin Islands there is no measured shear strain
accumulation. However, the situation is different in the Yakataga region
where significant strain has been measured. Data there show significant
compression perpendicular to the strike of the subduction zone. He'd
expect 0.2 microstrain compression and 0.26 is actually detected; therefore
he is satisfied that Yakataga is consistent with a Tocked main thrust
zone. At Cape Yakataga he observed a tilt array. The data there show a
good rate of tilt accumulation, about 1/2 microradian per year, that does
not appear to have been interrupted by the St. Elias earthquake of 1979.
The tilt is essentially perpendicular to the direction of plate
convergence, which does not fit the tectonic model. Jim comented that
while the rapid glacial retreat at Icy Bay may explain some of the uplift
and regional deformation, he is satisfied that the orders of magnitudes he
observes in this network will not be changed by the inclusion of that
effect.

Probabilistic Estimates of Great Earthguakes, South Alaska and Aleutians

Stuart Nishenko discussed probability modelling for the Queen Charlotte-
Alaska-Aleutian seismic zone. He suggests that one can constrain the
distribution of repeat times for earthquakes and if there is ample data, .
and actually attempt to model the distribution of repeat times. For a
first approximation, one can assume that the repeat times are normally
distributed about the mean repeat time. With more data one can try a
Weibull distribution and allow the data to define the distribution
function. 1In terms of conditional probability, this asks the question,
"given that we know the distribution function, what is the likelihood of
getting an event in some increment of time given that the earthquake has
not happened yet and that we know the time of the last large shock at that
location?"

Nishenko presented conditional probabilities for large and great
earthquakes along specific segments of the Queen Charlotte-Alaska-Aleutian
seismic zone for the period of 1985-2005. He showed three different models
for analyzing the data. One is using historic data and assuming that they
represent periodic occurrences and modelling them as a simple normal
distribution. For the Poisson model he took the same repeat time and put
it into another probability model. And, next he took the complete suite of
historic repeats and possible historic repeats and tried to model them
using Weibull functions. From this analysis he discerned areas of high and
low seismic hazards for the next 20 years. High hazard areas include the
Yakataga gap and a large portion of the Alaska Peninsula; low hazard areas
are the entire Queen Charlotte seismic zone, the 1964 Gulf of Alaska
rupture zone, and the 1965 Rat Island zone; and portions of the 1957
Central Aleutians are interpreted as zones of intermediate hazard. He
pointed out that the segments with the largest uncertainties also have the
highest probabilities or hazards reflecting a lack of data about the size
and location of previous earthquakes in those areas.



Seismicity of the Castle Mountain Fault

John Lahr reviewed source zones that could
area. He identified three zones:
thrust interface vetween the North Anerica
Benioff zone; and 3) the crustal portion o
plate.
interface of the Nortnh Awerican and Pacifi

kilometers pelow Anchorage, dipping about 10 degrees NANW.

Timit of the 1964 rupture zone based on th
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And, he concluded the following about these source zones.
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of 7.
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On Auyust 14, 1984, a inagnitude 5.7 iy earthquake occurred 14 kiloneters
north of Sutton near the trace of the Talkeetna segment of the Castle

Mountain fault.

The hypocenters for 49 aftersnocks define a 13 «iloneter x

5-6 kilometers planar zone parallel to the map trace and dipping steeply to
the NNW; the shallowest of these is at 11 kjilometers depth.

For the purpose of hazard evaluation for the Castle Mountain fault, the
maximum credible length of an earthquake should be assumed to be at l=2ast
130 kilometers, from the westernmost locatipn of Holocene offset near the
Susitna River through the region where seismicity is seen on the Talkeetna

segment.

Considering the distribution of magnitude versus rupture lenyth,

he concludes that the maximum credible earthquake would oe about 7.2 to 7.3

Ms .

Adak Seismic Zone - Seismicity Patterns and Short-Term Qutlook

1

Carl Kisslinger presented research results

as the likely site for an earthquake in the
Aleutians Network provides data for detaile
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the site of a likely imminent earthquake.
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events hefore the 1957 great earthquake. The Adak seismic zone seems Lo
have broken in major events around 1909, 1930, and on Marcn 9, .957. The
zone seems to have been gquiet for large shocks between those episodes. A
7.2 Mg event in May 1971 is the only recent earthquake of magnitude equal
to or greater than 7 since 1957. The locations of all earthquakes big
enough to be listed in the PDE reports from August 1974-June 1984
illustrate a clear deficiency of these modern earthquakes in the Adak
Canyon area, with a number of events occurring just outside this area.

The intervals between the large events are 21 years and 27 years, and it's
now 28 1/2 years since the 1957 event. Based on this and other avidence,
it is not unreasonable to expect another great earthquake in this area in
the not too distant future. The issue is what are the other things that
indicate an earthquake may happen soon. The seismicity data of the local
network, valid since 1976, shows that in September 1982 there began a
pronounced period of reduced activity continuing to late 1984. The
teleseismic data were then combined with the local network to try to
confirm this observation. The nucleation point of the next great
earthquake was identified as SWZ - a subregion of the Adak Canyon regional
thrust zone. This subregion is characterized by 4 years of increased
moderate activity, a low b-value, and higher stress microearthquakes
within a broader region of quiescence. If the single observed case of a
3-year precursory quiescence is characteristic, the most likely time of
occurrence is before November 1985. Kisslinger noted two other possible
outcomes. Either the quiescence will just disappear without a large ‘
earthquake suggesting that quiescence, if a precursor, is an unraliable
one. Or, the area entered a long period of decreased activity and the
recent up-turn in activity is a short-term perturbation. It was noted
that, based on the 1957 experience, a M 7 earthguake should not cause
extensive damage, although consideration should be given to possible
tsunami damage to military installations on Adak.

SEPTEMBER 9
EXECUTIVE SESSION

San Francisco Bay Area

The Council discussed how to conclude its deliberations on two faults
within the greater San Francisco Bay area - San Andreas, and Calaveras
faults - and whether there are significant other points of view that it
needs to hear. Jim Davis offered that the subject of mid-Peninsula
seismicity needs further discussion. Jim Dieterich essentially agreed, in
part because the Hayward fault was not discussed and an earthquake on the
Hayward fault can have significant impact on the heavily populated

region. Ellsworth suggested that an efficient manner for discussion of the
Hayward by the Council would be for the principal researchers to meet in a
workshop, reach some conclusion about the data, and present this iore
digested information to the Council. Sykes commented that this raises the
guestion of how the Council is to operate; whether it is to do more than
merely respond to committee reports for which the Council did not have the



advantage of hearing and challenging the presentations.
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Kisslinger Prediction
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Sykes proposed that the Council endorse the decision matrix concept with
agreed-upon delegated authority for very short time frames and agreed to
discuss it further at the next Council meeting. At this meeting the
Council will decide upon endorsement of the document. The motion will be
voted upon at the next day's Executive Session,

Intermediate-Term Precursors and Predictions

Sykes asked if there is any interest in having discussions about short-term
and intermediate-term precursors. He noted some interest by a few members
of the Council in achieving more balance between intermediate- and
short-term prediction and precursors, such as changes in creep rate and
changes in coda parameters, b-values, and rates of small earthquakes. And,
he questioned what, if anything, the Council would recommend on the use of
intermediate-term precursors, especially for Parkfield. He also noted that
this work would require more uniform earthquake catalogs and asked if there
is a role for the Council in providing or asking for better data collection
and catalogs. Wallace sees the catalog issue as but one approach to
intermediate-term prediction and suggests anotner as a general
encouragement for a statement of the need for techniques suitable for
intermediate-term prediction. Kanamori suggested that b-values, coda
parameters, etc., represent only one aspect of wave-form and cataloyging
problems, and he doesn't see how the catalog can be made uniform as there
are so many parameters involved. To him the most fundamental thing is to
have general seismic instrumentation prototype methodologies and more
fundamental data bases. Dieterich offered that he is hard pressed to think
of any methods of intermediate-term prediction that are, at this point,
anything more than untested ideas, and opined that this Council would have
a tough time usefully acting upon any methodology of which he is knowledge-
able. One case of useful intermediate-term modelling was noted, however.
One year prior to the 1980 Long Valley earthquake Allan Ryall was able to
show that the area is much inore active than it has been for quite some
time. Thatcher offered that the first step in looking for intermediate-
term precursors is making sure that there is intermediate-term stability in
the measurements which are being taken. The Council's role may be to
sponsor workshops, or other mechanisms, to help determine how to achieve
more stable and sensitive measurement systems. There was some discussion
about whether or not such a workshop is a proper role for the Council.
During the discussion Wesson offered that it would be helpful to the
Council to have some background discussion of these issues in preparation
for its debates about such earthquake predictions. Dieterich stressed that
the workshops should be a forum for the presentation of research problems
on intermediate prediction rather than individual researchers' latest
achievements. Filson suggested using the USGS "Red Book" farum, which
Teads to an open-file report. The Council approved Sykes motion that the
USGS conduct a “Red Book" workshop on research problems in short-tarm and
intermediate-term prediction.

GENERAL SESSION

Earthquake Potential and Recurrence in the Yakataga Seismic Gap

George Plafker discussed the marine terraces at Middleton Island and
between Yakataga and Ice Bay. Middleton Island is in the region of the
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Since 1974 the USGS has been operating a seismograph network in the
region. A critical limitation of the network is the wide spacing of
stations, which makes depth determinations difficult. Page noted that a
remarkable feature of the microseismicity since 1974 is its stationary
character in and around the Yakataga gap. The observed features both
before and after the St. Elias earthquake are: 1) much activity in the
St. Elias rupture zone with a peak in activity after the 1979 main shock;
2) a persistent, broad concentration of earthquakes near the center of the
gap at depths of 10-30 km.; and 3) on the western edge of the gap another
persistent area of seismicity at depths of 15-30 km.

Page divided the area into subregions based on observed spatial clustering
of seismicity for a first-order estimate of the temporal character of
seismicity. In the St. Elias region there is a general decay in the level
of seismicity since the 1979 earthquake on which are superposed pronounced
secondary or independent aftershock sequences. In the Waxell Ridge area
the Tevel of seismicity appears reasonably uniform with the exception of a
possible concentration of activity in time preceding the 1979 earthquake.
The Copper River delta area also is uniform in activity. In summary, Page
finds no first-order seismicity features in the gap that would indicate
that a gap-filling earthquake is more likely to occur within a year or 2
than would occur in a similar time interval in the next 1 or 2 decades.

Discussion on Yakataga

The Chairman asked the Council and speakers to consider what, if anything,
it should recommend to the USGS about the 1979 USGS hazard notice for the
Yakataga gap. Opinions included updating the letter with inore recent data,
for example, that strain data indicates accumulation of strain but noting
that there is no change in the long-term situation. Also, there are two
types or sizes of earthquakes to note. One is a M 8 eartnquake like the
two in 1899 which did not generate a tsunami, and the other is a M 9
earthquake breaking beyond the gap and posing a tsunami threat. The 1979
letter addressed shocks like those of 1899. There was some agreement that
tne Yakataga area, along with the Shumagin area, is the most likely place
to experience an M 8 earthquake, although there was also considerable
debate about the details of data interpretation for these areas. (Editor's
note: the Council discussed Yakataga further in its next Executive
Session.)

EXECUTIVE SESSION

This Executive Session included both discussion on Alaska seismicity and
followup to the Council's July 1985 meeting on central California
seismicity.

Parkfield Decision Matrix

The Council addressed the draft document on Parkfield earthquake prediction
scenarios and a statement describing its position on the document. The



Council voted to accept the general concept
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Alaska

In its discussion of the Shumagin Gap, the Council notes that spatial and
temporal patterns of seismic activity clearly show a seismic gap extending
200-250 km. along the Aleutian arc near the Alaska Peninsula. It also
notes that geodetic data indicate negligible strain accumulation in the
Shumagin gap while seismic data can be interpreted as signalling a high
potential for a great earthquake in the Shumagin gap in the next 20 years.
Since the Council can't resolve this conflict, it suggests that the USGS
advise the State of Alaska of the data and the prudence of considering
tsunami effects on coastal communities on the Alaskan Peninsula.
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OVERVIEW OF ALASKAN HISTORICAL SEISMICITY
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given in other presentations, so only the central Alaska seismic zone will be
discussed any further here. The central Alaska seismic zone is loosely
defined as the region of mainland Alaska, north of Anchorage where most of the
shallow (crustal) M > 6;0 earthquakes occur. Figure 4 shows the location of
these earthquakes (north of 63.5 N latitude) plotted on a representation of a
stress trajectory map for Alaska as propsed by Nakamura et al {1980). Focal
mechanisms (Figures 5, 6, and 7) for the central Alaska seismic zone are
generally consistent with the stress trajectories shown in Figure 3, showing
roughly NW-SE trending axes of maximum horizontal compression. If the basic
tenet of the stress trajectory model is correct, then the earthquakes in
interior, northern and western Alaska are the consequence of a far-reaching
regional deformation in response to the interaction of the Pacific and North
American plates in South-central Alaska. The seismicity patterns shown in
Figures 8, 9 and 10 also are consistent with this model of a regional
'7deférmation: (1) the overall pattérn is one of the greatest activity being
concentrated just north of the NE corner of the Pacific plate; (2) the larger
events are sub-parallel to the principal slip line which would emanate from
this corner if it were taken as a rigid indentor; and (3) there is a
suggestion that some of the lineations of epicenters correspond with the major
faults (Figure 11), in particular, the Kaltag and Tintina systems. The idea
that most of the Alaskan crust is deforming is response to a large-scale
right-lateral shear between the Pacific and North American plates has some
implications for earthquake prediction research in mainland Alaska. First and
foremost it underscores the need for a uniform long term seismic and geodetic
monitoring program in all of Alaska including northern and w-cote: . Aalaska,

areas which are now very inadequately instrumented. Secondly it points out
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the need for paleoseismic work on the major fault systems. These are large
-structures and might be capable of rare, gréat earthquakes, if we are to judge
on the basis of their length alone. Lastly it suggests some interesting besic
research questions which have to do with the seismotectonic framework. The
major implication of the copsistent pattern|of stress trajectorie; extending

clear across Alaska is that the crust must be decoupled from the upper

mantle.
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Table 1, The World’s Ten Largest Earthquakes

1904 - 1984
No. Locatiqn Year Mw Energy*
e
1. CHILE 1960 9.6 2000 SURTACE
2
2. ALASKA 1964 9.2 820 ///
__
%’
3.  ALASKA 1967 9.1 585 //
/%
7’
4. KAMCHATKA 1852 9.0 350 /
.
z.
5. ECUADOR 1906 8.8 204 Z
%
. 2
8. ALASKA 1965 8.7 125 g
Z
Z
7. ASSAM 1950 8.8 100 7
Z
. . 14
8. BANDA SEA 1838 8.5 70
0. CHILE 1922 8.6 69
10. KURILES 1963 8.5 87

AMAMNNN

*Energy in dyne-cm x 10?7

Source: Based on data from Kanamoril (1977)




Table 2

MAJOR SHALLOW ALASKAN EARTHQUAKES: 1897 -1980

(After Abe and Noguchi, 1981 and 1983)%
# YEAR MO DY TIME LAT. LONG. Ms LOCATION ZONE*
1 1898 6 29 1836 52. +172. 7.6 Near Is. S+
2 1898 10 11 1637 50. 180. 6.9 Rat/Andreanof Is. S-
3 1899 4 16 1342 58. -138. 6.9 S.E. Alaska T=-
4 1899 7 14 1332 (60.)% (-150.)* 7.2 (Kenai Penin.)* S+
5 1899 9 4 0022 60. -142. 7.9 Gulf of Alaska T+
6 1899 9 & 0440 60. -142. 6.9 Gulf of Alaska T-
7 1899 9 10 1704 60. -140. 7.4 S.E. Alaska T+
8 1899 9 10 - 2141 60. -140. 8.0 S.E. Alaska T+
9 1899 9 17 1250 59. -136. 6.9 S.E. Alaska T-
10 1899 9 23 1104 60. =143, 6.9 Gulf of Alaska T-
11 1899 9 23 1250 60. =143, 7.0 Gulf of Alaska T+
12 1900 10 9 1228 (60.)* (=142.)% 7.7 (Kodiak)* S+#
13 1901 1 18 0u39 60. -135. T4 S.E. Alaska T+
14 1901 12 3 0902 52. -177. T.1 Andreanof 1Is. S+
15 1902 1 1 0520 55. -165. 7.0 Unimak Is. S+
16 1903 1 17 1605 50. -170. 7.0 (Fox Is.) S+
17 1903 2 5 1826 52. +175. 6.8 Near/Rat Is. S-
18 1903 6 2 1317 57. -156. 6.9 Alaska Penin. S-
19 1904 8 27 2156 6u. -151. 7.3 Central Alaska M+
20 1905 2 14 n846 53. -178. 7.3 Andreanof Is. S+
21 1905 3 22 0338 50. 180. 7.0 Rat/Andreanef Is. S+
22 1905 9 15 0602 55. +165. 7.4 Komandorsky 0+
23 1905 12 10 1236 50. 180. 6.9 Rat/Andreanof Is. S-
24 1906 8 17 0010 51. +179. 7.8 Rat Is. S+
25 1906 12 23 1722 53. -165. 7.3 (Unimak Is.) S+
26 1907 9 2 1601 52. +173. - 7.4 Near Is. S+
27 1908 5 15 0831 59. =141, 7.0 S.E. Alaska T+
28 1909 4 10 1936 52. +175. 7.0 Near/Rat Is. S+
29 1910 9 9 0113 51.5 -176.. 7.0 Andreanof Is. S+
30 1910 11 6 2029 53. -135. 6.8 Queen Charlotte Is. O-
31 1911 9 17 0326 51. 180. 7.1 Rat/Andreanof 1Is. S+
32 1911 11 13 1613 52. +173. 6.9 Near Is. S-
33 1912 6 10 - 1606 59. -153. 6.9 Kodiak Is. S-
3% 1912 T 7 Q757 64, =147, 7.2 Central Alaska M+
35 1915 7 31 N 5y, +162. 7.6 Kamchatka 0+
36 1917 1 30 0245 56.5 +163. 7.8 Kamchatka 0+
37 1917 5 31 c8u7 54.5 -160. 7.9 Alaska Penin. S+
38 1923 5 4 1626 55.5 ~156.5 7.1 Alaska Penin. S+
39 1925 8 19 1207 55.25 +168. 7.0 Unimak Is. S+
40 1926 10 13 1908 52. -176. 7.0 Andreanof Is. S+
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# YEAR MO DY TIME LAT. LONG. LOCATION

41 1927 10 24 1559 57.5 -137. 7.1 S.E. Alaska

42 1928 6 21 1627 60. ~-146.5 6.8 Gulf of Alaska

43 1929 3 7 0134 51. -170. 7.5 Fox Is.

4y 1929 7 5 1419 51. -178. 7.0 Andreanof Is.

45 1929 7 7 2123 52. -178. 7.3 Andreanof Is.

46 1929 12 17 1058 52.5 +171.5 7.8 Near Is.

47 1933 4 27, 0236 61.25 -150.75 6.9 S. Central Alaska

48 1935 2 22 1705 52.25 +175. 7.1 Near/Rat Is.

49 1936 11 13 1231 55.5 +163. 7.1 Kamchatka

50 1937 7 22 1709 64.75 -146.75 7.3 Central Alaska

51 1938 11 10 2018 55.5 -158. 8.3 Alaska Penin.

52 1938 11 17 0354 55.5 -158.5 7.3 Alaska Penin.

53 1940 4 16 0607 52. +173.5 6.8 Near Is.

sS4 1940 4 16 0643 52. +173.5 7.1 Near Is.

55 1940 8 22 0327 53. -165.5 7.0 Unimak Is.

56 1943 11 3 1432 61.75 -151. T.4 S. Central Alaska

57 1944 12 12 o7 51.5 +179.5 6.9 Rat Is.

58 1945 4 15 0235 57. +164., 7.2 Komandorsky

59 1946 1 12 2025 59.25 -147.25 6.7 Gulf of Alaska

60 1946 4 1 1228 52.75 -163.5 7.3 Unimak Is.

61 1946 11 1 1114 51.5 -174.5 7.0 Andreanof Is.

62 1947 10 16 0209 64.5 -147.5 T.2 Central Alaska -

63 1948 5 14 2231 54.5 -161. 7.5 Alaska Penin.

64 1949 8 22 0401 53.75 -133.25 8.1 Queen Charlotte Is.

65 1949 9 27 1530 59.75 -149. 6.7 Kenai Penin.

66 1951 2 13 2212 56. -156. 7.1 Alaska Penin.

67 1953 1 5 0748 54, +170.5 T.1 Near Is.

68 1957 3 9 1422 51.3 -175.8 (8.1) Andreanof Is.

69 1957 3 9 2039 52.25 -169.5 7.1 Fox Is.

70 1957 3 M 0958 52.25 -169.25 7.0 Fox Is.

71 1957 3 N 1455 51.5 -178.5 6.9 Andreanof Is.

72 1957 3 12 114y 51.5 -177. 7.0 Andreanof Is.

73 1957 3 14 1447 51. -177. T.1 Andreanof Is.

74 1957 3 16 0234 51.5 -178.75 7.0 Andreanof Is.

75 1957 3 22 1k 53.75 ~165.75 7.0 Unimak Is.

76 1957 4 10 1129 56. -154, 6.9 Kodiak Is.

TT 1957 4 19 2219 52.2 -166. 6.5 Unimak Is.
1958 4 7 1530 65.5 -155.5 7.3 Central Alaska

79, 1958 7 10 0615 58.3 -136.5 7.9 S.E. Alaska
1960 1 13 0920 51.4 -168.9 6.7 Fox Is.

- 81 1964 2 6 1307 55.7 -155.9 7.0 Alaska Penin.
g2 1964 3 28 0336 61.1 -147.5 ( Gulf of Alaska
83 1965 2 4 0501 51.3 +178.6 (8.2)% Rat Is.

84 1965 2 4 0840 51.4 +1(vy.6 T.0 Rat Is.

85 1965 3 30 0227 50.3 +177.9 T.4 Rat Is.

86 1965 7 2 2058 53.0 -167.6 6.5 Fox/Unimak Is.
87 1965 7 29 0829 51.1° -171.3 6.7 Fox Is.

88 1965 9 4 1432 58.3 -152.5 6.8 Kodiak Is.



# YEAE MO DY TIME . LAT. LONG. M LOCATION ZONE*

89 1966 T 4 1833 52.0 +179.9 6.8 Rat Is. S-

90 1966 8 7 0213 50.6 -171.2 6.4 Fox Is. S-

91 196¢ 11 22 2309 57.7 +163.6 7.1 Kamchatka 0+

92 1971 12 15 0829 56.0 +163.2 7.5 Kamchatka 0

93 1972 7 30 2145 56.8 -135.9 7.4 S.E. Alaska T+

94 1975 2 2 0843 53.1 +173.6 7.4 Near Is. S+

95 1979 2 28 2127 60.6 -141.6 7.0 S.E. Alaska T+

. .

Explanation:

(1) Data for 1897-1912 from Abe, K. and S. Noguchi, "Review of magnitudes of
large shallow earthquakes, 1897-1912", Physics of the Earth and Planetary
Interiors, 33, 1-11, 1983.

(2) Data for 1913-1917 from Abe, K. and S. Noguchi, "Determinations of magnitude

(3)

(%)

(5)

for large shallow earthquakes, 1898-1917", Physics of the Earth and Planetary
Interios, 32, 45-59, 1983.

Data for 1918-f980 from Abe, K., "Magnitudes of large shallow earthquakes
from 1904 to 1980", Physics of the Earth and Planetary Interiors, 27, 72-92,

1981.

The following notes apply to the respective earthquake number:

4 - location very uncertain, felt reports suggest a more westerly epicenter,
perhaps near the Shumagin Islands

12 - location very uncertain, felt reports suggest a more westerly epicenter,
perhaps near Kodiak Island

68 - moment magnitude 8.7

82 - moment magnitude 9.2

83 - moment magnitude 8.7

Earthquake zones were defined as follows:

= Alaska-Aleutian subduction zone
= S.,E. Alaska transform zone

Mainland Alaska
Outside of Alaska (Kamchatka, Komandorsky, Queen Charlotte)

= Mg greater than or equal to 7.0
Mg less than 7.0

+ OX 3 Wn
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Information Service (NEIS).
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Table 3
Alaskan Earthquake| Statistics
January 1897 - August 1985
Region Damaging Major Creat
(Mg > 6.5) (Mg > 7.0) Mg > 7.8)
Alaska-Aleutian Subduction Zone
Number in 88.7 years 130 46 7
Mean repeat time (years) 0.7 1.9 11.3
Time since last event (years) 2.5 4.6 20.6
Time, for 95% of cases (years) 1.9 5.7 22.3
Date of the last event 2<14-83 1-30-81 2-4-65
S.E. Alaska Transform Zone
Number in 88.7 years 28 10 3
Mean repeat time (years) 3.4 8.5 28.7
Time since last event (years) 6.6 6.6 27.1
Time for 95% of cases (years) 9.0 25.3 771
Date of the last event 2-28-79 2-23-79 7-10-58
Central Alaska Seismic Zone
Number in 88.7 years 17 6 0
Mean repeat time (years) 5.2 13.5 >100
Time since last event (years) 6.8 27.4 >100
Time for 95% of cases (years) 13.8 30.1 >265
Date of last event 10r28-68 4-7-58 ?
All of Alaska .
Number in 88.7 years 175 62 10
Mean repeat time (years) 0.5 1.4 8.6
Time since last event (years) 2.5 4,6 20.6
Time for 95% of cases (years) 1.3 4,2 20.3
Date of last event 2-14-83 1-30-81 2-4-65
NOTES
1) The data base for these calculations is the catalog .¢ Ms > 7.0 events
based on the papers of Abe and Noguchi given in Table 2 augmented by data
for the period Jan. 1981 - Aug. 1985 from the National Earthquake

The statistics for M 6.5 are calculated from the Gutenberg and Richter

relation:

log N = a - b M, assuming a "b" value of 0.9 and using the

data for Mg > 7.0 events from Table 2 for the period 1897 - 1980.

3) The mean repeat time for Mg > 6.5 is 88.7 years divided by the number of
events during that period; for Mg > 7.0 and M > 7.8 it is the average of
the observed interevent times, including the time since the last event as
one of the interevent times.

4) The "time for 95% of cases" is the mean interevent tir~ pi.. 1.645 times
one standard deviation of the interevent times abou* tne mean.




Figure Captions

Figure 1. International Seismological Center reports for earthquakes greater
than or equal to magnitude 5.5 during the 5-year perioa from LY¥76 to
1980.

Figure 2. Tne dots show the epicenter locations ot all shallow (depth less
than 70 km) earthquakes in Alaska of magnitude 7.2 or more from 1897
through 19su. The map shows 31 events, but two aots in the Yakutat-
Yakaaga area actually represent two events each, and two in the
westernmost Aleutians are off the map. The 83-year record thus inaicates
that Alaska had 35 earthquakes of at least magnitude 7.2, or one every
2.3 years.

Figure 3. Histogram of the number of large, shallow earthquakes in Alaska,
1897-198U. In the top graph six events are plotted with g 2 8.0; in the
bottom graph oot events with Mg > /.U are plotted. The ratio of about
10:1 for the number of events with Mg > 7.U vs. those with kg > 8.V
implies the record of Mg > 7.U is probably complete. This assumes that
all events of M. > 5.0 have been detectea and that the "p" value for all
of Alaska is close to 1l; both reasonable assumptions. wote, also tnutl
the distribution in time of the Mg > 7.U events is reasonably uniform.
The adata for this histogram are from Abe ana woguchi; see Table ¢ for
references.

Figure 4. Stress trajectory map from tstabrook, (1965). >Stress
trajectories, heavy broken lines, after Nakamura et al (198U).
Earthquake epicenters for M > 6.U events, solia dots, frowm National
Earthquake Information Service (NELS). The 50 km depth contour ot the
Wadati-benioff zone, meajum heavy lines, from Stone (1Y83) ana Stepnens
et al (19s64). The RM-1 line and the plate convergence rate are after
Minster et al (1974). The rigid indgentor, shown by stipplea area between
the trench and the 50 km aepth contour, is after vavies (19s3).

Figure 5. Focal mechanisms in Interior Alaska, from Geaney (198<¢).
Mechanisms are shown by lower hemisphere, stereograpnic plots of first-
motion airections where the shadea quaarants represent compressions and
the unshadeu represent rarefactions.

Figure o. Focal mechanisms in Northern Alaska from Estabrook (1Yob).
Mechanisms are as shown in Figure 4. Also shown are M > 4,U earthquakes,
open circles (NEIS); ana faults atter King (1YeY). Mechanisms are
plotted with north up, not parallel to the map grid.

Figure 7. tocal mechanisms in western Alaska, from Biswas (1i965).
Mechanisms are upper hemisphere, sterographic plots of first-motion where
the shadea quaarant represent raretactions and the unsnaaed ones
represent compressions.

Figure 8. tpicenter map for northern Alaska from Lstabrook (1985). The opcun
circles represent epicenters for all M > 5,0 events in the NEIS files ror

this region through 1983.

Figure 9. Etpicenter map for northern Alaska from tstabrook (L9s5). The open
circles represent epicenters for all M > 3.U events for the years 1970-
1979, a time period of relatively good station coverage.
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Figure 10. Epicenter map for northern Alaska from Estabrook (1985). The
open circles represent the relocated epicenters of all earthquakes
located by the Geophysical Institute for the period 1967-1983. Note NW-
SE trending lineation of epicenters at about 65.5 N and 145 W which is
coparallel with the trace of the Tintina Fault.

Figure 11. Map of major fault systems in Alaska from Estabrook (1985) after
Stone (pers. comm., 1985).
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APPENDIX A. 2.
Results from Earthquake Research on the Alaska Aleutian Seismic Gap

K. Jacob, J. Taber, and T. Boyd
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RESULTS FROM EARTHQUAKE RESEARCH ON THE ALASKA ALEUTIAN SEISMIC ZONE WITH
SPECIAL FOCUS ON THE SHUMACIN ISLANDS SEISMIC GAP

Klaus Jacob, John Taber, and Tom Boyd
Lamont-Doherty Geological Observatory of Columbia University
Palisades NY| 10964

Extended Abstract

High probabilities in the Eastern Aleutians

Various estimates of the long-term probabilities for the occurrence of great
earthquakes (Mw 2 7.8) in the Alaska-Aleutian seismic zone reveal a broad region
in the Eastern Aleutian with moderate to| high probabilities for great earth-
quakes during the next two decades (Figure 1). The probabilities range from
less than 30% to more than 907 for the 20 year period from 1985 to 2005 (Jacob,
1984). These values are among the highest| probabilities presently observed in
the entire U.S. for great earthquakes. They are distinctly higher than the 5 to
307 probability range obtained for the adjacent zones that ruptured in 1964 and
1957 by Mw = 9.2 and Mw £ 9 earthquakes, respectively. The high-probability
region in the Eastern Aleutians is centered on the Shumagin Islands Seismic Gap
and covers the zones of the 1938 (Mw=8.2) rupture, the Shumagin Seismic Gap,
the 1946 (Ms=7.4, Mt=9.3) highly tsunamigenic event, and possibly the Unalaska
Seismic Gap, a 200 km long segment that may or may not have broken in the
1957 (Mw =9) rupture.

Local studies in the Shumagin Seismic Gap

The broad region of the Eastern Aleutian probability high is about 1000 km
long, of which only the central 300-350 km |long segment within the Shumagin
Islands Seismic Gap is being currently monitored. Monitoring in this section of
the arc includes a high-gain seismic network, strong motion stations, precision
level lines, a tiltmeter and sea level gauges.| Net strain is also calculated using
laser distance measurements collected every two years by the USGS. The
Shumagin seismic network consists of 18 telemetered stations with a variety of
instrumentation (Figure 2) so that earthquakes can be recorded onscale over a
wide range of magnitudes. There are alsol 12 strong-motion accelerographs
(Kinemetrics SMA-1, 1g), 10 of which are co-located with seismic stations.

Figure 3 shows a map view and cross section of well located earthquakes
recorded by the Shumagin network since 1979. There is relatively little activity
along the shallow part of the main thrust zone but there is a cluster of events at
the lower end of this probably locked zone. Below 40 km there is a clear double
Beniofl zone, with most of the events occurring in the upper plane. The
apparent bend in the slab at ~130 km is due mainly to mislocations arising from
the relatively high velocity of the descending slab (Hauksson, 1985).

The upper crustal seismicity is also concentrated above the downdip edge
of the main thrust zone. This forms a band of seismicity parallel to the main-
land and about 100 km offshore. There is very little shallow seismicity on the
mainland itself. Further west, in the area of the 1946 Ms=7.4 event, the rate of
seismicity increases and the events are spread over a larger portion of the dis-
tance between the volcanic arc and the offshore trench.

Quiescence. In the Shumagin Seismic| Gap a reduction in the rate of
moderate-magnitude seismicity (M 2 5.5) has|been observed since 1979 (Hauks-
son et al, 1984). This reduction has now become significant at the 98-997%
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confidence level according to the Z test as used by Habermann (1981). The level
of significance depends on the choice of endpoints for the gap. Figure 4 shows
the location of both 5.5+ events (solid circles) and all other events 2 5.0. The
cumulative rate is shown in Figure 5 while a time vs distance plot is shown in Fig-
ure 8. The latter plot shows that while the decrease is statistically significant,
there are other periods of quiescence for only slightly shorter time periods and
arc segments that did not end in a major earthquake. A more statistically
significant rate change is shown in Figure 7 for a smaller section of arc and a
smaller minimum magnitude. This arc length corresponds in part to the aft-
ershock zone of the 1948 Ms=7.4 earthquake. In both cases the sampling period
is too short to allow us to make a prediction based merely on the time since the
rate change.

Effects of a deep slip event. Changes in focal mechanisms, rates of seismi-
city and volcanicity were observed in the Shumagin segment of the arc since
1978 and correlated in time approximately with a tilt reversal observed between
1978 and 1980 (Figure 8)(Beavan et al, 1983). These events were interpreted as
being jointly related to a deep-seated (at 30-80 km depth) slip event in which the
descending slab slipped down-dip by about 80 cm beneath the overriding plate,
but remained locked to the upper plate at the shallow thrust interface. If this
interpretation is correct, then the shallow locked portion of the thrust zone may
have been further stressed by the deep-seated slip event. The 80-cm slip ampli-
tude corresponds to about 10 years of accumulated plate motion. Recent
refinements show that the seismicity rate changes from this event may have
been restricted to the 150 km long central portion of the gap (Figure 9), and
thus the slip event may have been also limited to this portion of the gap.

During the slip event (1978-80) the state of stress in the descending slab (at
depths 50-120 km) was inferred from composite focal mechanisms. Downdip-
tension dominated in the upper zone and downdip-compression in the lower
zone of a double-planed seismic zone (Reyners and Coles, 1982). This stress pat-
tern is opposite what is usually observed globally in double-planed Benioff zones,
including the Aleutians (Figure 10)(House and Jacob, 1983). Normally the upper
zone shows downdip compression and the lower one downdip tension, which is in
accordance with both unbending and thermal stress calculations (House and
Jacob, 1982). The anomalous stress pattern was originally interpreted as an
anomaly or a possible precursor to an impending rupture and was thought to be
related to the dominance of slab pull over unbending, while the shallow thrust
zone remains locked. Composite focal mechanisms for 1981 (after the termina-
tion of the slip event) showed that the stress pattern almost reversed to what is
globally typical (Hauksson, et al, 1984). Events consistent with down-dip ten-
sional focal mechanisms were not as frequent in the upper seismic zone as they
were during the slip event (Figure 11). The change in focal mechanisms may
have been due to the relaxation of stresses in the slab after the slip event. Focal
mechanisms from 1982-1984 are similar to the results from 1978-79, i.e. pri-
marily downdip tension in the upper plane, though as in the 1981 data set, the
composite results are not as consistent as the results from events that occurred
during the slip event. If the pattern repeats itself, a lining up of down-dip ten-
sion axes would be expected before or during the next slip event. The monitor-
ing of these stress patterns continues and may be used for comparison with tilt
(leveling) data to identify future slip events, one of which may trigger, or
accelerate into, a larger rupture at the locked shallow thrust zone.

Stress Drops. Two moderate sized (M~6) high stress drop events (600-900
bars) were observed at the 40 km downdip end of the main thrust zone in 1974
(House and Boatwright, 1980). In 1983 two moderate stress drop events (70-80
bars, Ms =5.9 and 6.2) were observed at 26 km depth at the eastern edge of the
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Shumagin Seismic Gap. Obviously neither sequence triggered a larger rupture.
The earlier sequence of events occurred bef«Fre the proposed 1978-79 slip event.
If the slip event brought the shallow portion of the thrust zone closer to failure,
one might have expected the later sequence of events to produce even higher
stress drops. The later events occurred, however, at a much shallower depth
(Figure 12) and thus it appears that high stresses are limited to the base of the
thrust zone.

Short-term vs. Long-term Potential of the Shumagin seismic gap. At
present we consider that the computed condjtional probabilities for great earth-
quakes in the Shumagin Gap constitute a long-term moderate to high level of
earthquake potential for great events. The mentioned onset of "quiescence” for
M > 5.5 earthquakes in 1979/80 could be a candidate for a medium-term precur-
sor, but not knowing what false alarm probability should be assigned to quies-
cence, we do not know how much, if at all, this quiescence constitutes a tem-
porary probability gain. If another tilt or slip event should occur in the future,
we may assign a possible false to true ala rate of 8:1, based on the assump-
tion that slip events release 10 years worth of plate motion at depth, and that
the average recurrence times for great earthquakes is 80 years. Thus on average
every 8th event should trigger a great earthquake. Other than a 1 year quies-
cence of Pavlof volcano, we do not have any| data suggesting that another slip
event is about to begin. Thus we do not think that at present we have any evi-
dence of short-term or even of intermediate-term precursors for an impending
great Shumagin earthquake. Since the other regions in the Eastern Aleutian pro-
bability high are presently unmonitored, except for teleseismic activity, we do
not know whether any intermediate to short |term precursors have taken place
there. But if they do occur there and only th#re, and if they precede a rupture
that extends then into the Shumagin Gap, welmay not be able to predict such a
Shumagin-Gap-rupturing event. ‘

Maximum Sizes of Future Events. Various scenarios must be considered
for future great events in the Shumagin Gap proper, and for the entire Eastern
Aleutian probability high. Depending on whether and how much the Unalaska
Gap broke in 1957, 1902, 1878, or earlier (prior to 1776), the Unalaska segment
may at present sustain at most a Mw=8.0 to 8.8 event, unless it is a permanent
seismic gap with aseismic release of plate motion, a most unlikely possibility
(Boyd and Jacob, 1988).

The 1946 event off Unimak Island had an apparently low seismic moment
release (Ms=7.4), but may have triggered a large underwater landslide leading to
a gigantic tsunami (Mt=9.3)(e.g. Davies et al.,1981). If this assumption is correct
the <150 km long section off Unimak may at present be able to sustain a Mw=8-

8.5 event.

The 300-350 km long Shumagin segment ruptured in great earthquakes,
either entirely or partly, during the July and August 1788 events, in 1847,
perhaps (but not likely) in 1903 ( M=8.3?, depth=100km?, uncertain location
probably farther east), in 1917 (Ms<7.8?), and had its last large (7.5) earth-
quake in 1948 (Figure 13)(Davies et al, 1981). Given the low moments of the two
most recent events, and assuming that the 1903 event did not rupture the shal-
low thrust zone, the maximum event that the entire gap may sustain is probably
near Mw=8.6 to 8.8.

The ~300 km long segment of the 1938-rupture (Mw=8.2) should be able to
sustain a Mw<8.5 event.

Several of the adjacent high-probability regions may rupture together and
thus their moments could be combined to give higher magnitudes than the ones
quoted. For instance, the July 1788 event may have broken the Kodiak section




41

of the 1964 event, the 1938 segment, and the eastern half of the Shumagin Gap,
probably representing a Mw=8.7-8.8 earthquake. In an extreme scenario one
may consider the unlikely case that the entire Eastern Aleutian high-probability
zone from west of Kodiak to Unalaska will break in a single giant event; we esti-
mate its magnitude could measure Mw=8.9 to 9.0.

Miscellaneous arc-wide observations

Moment Release. The 3800 km long plate boundary between Yakutat Ba
and Kamchatka had a moderate cumulative seismic moment release (~25x10%®
dyn-cm) during the period 1898-1807, low seismic release (<15x10%® dyn-cm)
from 1908 to 1956, very high moment release (~100x10%® dyn-cm) from 1957
through 1965, and practically none (<1x10?® dyn-cm) during the last 20 years
(1966-1985). Except perhaps for a 22-year period from 1907 to 1929, that may or
may not have been shortened by a possible 7.8 event in 1917 near the Shumagin
Islands, never since the beginning of the instrumental record in 1898 has the
Aleutian arc been quiescent for great earthquakes for as long as in the last 20
years (Figure 14). Thus an increase in major activity is likely in the future
somewhere in the arc. Besides the Eastern Aleutians, the Yakataga and Kom-
mandorski seismic gaps are estimated to be the most likely future sites of great
earthquakes. A possible ~150 km long seismic gap in the Queen Charlotte Sound
segment, south of the 1949 rupture zone, has been suggested by Canadian
researchers.

Repeat times. The combined historic and instrumental seismicity record of
large and great earthquakes for the entire Alaska-Aleutian arc, when analyzed as
a single data population irregardless of systematic regional differences, suggests
that on average one Mw=7.8 event should occur every 60+20 years per 300-km
arc segment, or one Mw=9.2 event every 360+100 years per 800-km arc seg-
ment. Average repeat times for any great earthquake (Mw27.8) are expected to
recur (at the same arc segment) about every 80 years, but one standard devia-
tion from the mean allows a range of ~45 to 135 years. The data also suggest
that only a 5% probability that great earthquakes repeat earlier than 30 years
and longer than 200 years. This result needs to be reconciled with geologic
observations of ages of uplifted marine terraces (e.g. on Middleton Island) and
interseismic subsidence rates from sediments that have been interpreted to
indicate that repeat times of several hundred years, and coseismic slip of a few
tens of meters are not uncommon there.

Interseismic moment rates and extrapolations to great earthgquakes. Fig-
ure 15 shows the moment-release rate of shallow (<50 km deep) seismicity along
the entire northern Pacific plate boundary over the past 16 years. During this
time interval there have occurred no great earthquakes along the Alaska-
Aleutian arc. These moment-release rates, therefore, are due to interseismic
background activity. Except locally, the moment-release rate due to interse-
ismic processes is from 1 to 2.5 orders of magnitude lower than the rates
estimated from plate-kinematic parameters. The latter usually measure several
102* dyn-cm/yr/km arc length, while the former measure between a few 10?2 to
10% dyn-em/yr/km.

Since the interseismic activity is accommodating very little moment-
release along the main plate boundary, b-values estimated from individual arc
segments for this short-term data set cannot be extrapolated to obtain the
correct recurrence rates of the great events which relieve most of the moment
accurnulation along the arc. If one did, the estimated repeat times for the great
events would be too long. Similar observations were initially made by Wesnousky
et al. (1983) for Japanese intraplate earthquakes and have been extended to the
Alaska-Aleutian arc by Davison and Scholz (1985).
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Strong spatial fluctua-

only between but also within the rupture zones of the most recent series of
great earthquakes. A typical wavelength of these seismicity fluctuations meas-
ured along the arc is about 150 km. This wavelength does not appear to be an

artifact of the moving average window length
out the possibility that it is due to poor sp

(90 km), although we can not rule
atial sampling of the release rate

along the arc. If, however, this periodicity is inherent in the data, it may be del-
ineating the characteristic length of the seismotectonic building blocks along

the northern Pacific plate boundary.

If the latter is the case, great earthquakes rupturing along this plate boun-
dary break several seismotectonic blocks. For example, the 1964 and 1957 rup-
ture zones are much longer than 150 km and are characterized by large

amounts of interseismic moment-release near
amounts in their central portions. This obse
slip occurring between these blocks during th

their western extremes and small

rvation may relate to differential
e respective great earthquake. If

this is the case, one would expect different times to elapse before the next great

earthquake not only for different rupture zon
within any one previous rupture zone. As a cd

es, but also for different sections

nsequence of this, the next series

of great earthquakes to affect the northern Pacific plate boundary may define
diflerent rupture zones from those observed during the previous series.
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Figure Captions

Figure 1. Top: Aftershock areas of earthquakes of magnitude M 2 7.4 in the Aleu-
tians, southern Alaska and offshore British Columbia from 1938 to 1979. Heavy
arrows denote motion of Pacific plate with respect to North American plate. Two
thousand fathom contour is shown for Aleutian trench. (from Davies et al., 1981)
Bottom: Conditional probabilities for great earthquakes (Mw 2 7.8) in all major
segments in the Aleutian arc in the next 20 years. Open blocks and diagonal
hatching are the minimum and maximum values, respectively, calculated from
recurrence times and the slip of the last event. Solid bar is the value calcu-
lated for a Poisson distribution.

Figure 2. The Shumagin seismic network, Alaska. Filled circles are short period,
single (vertical) component stations. The hexagons are short period, three com-
ponent stations. An inverted triangle indicates a low-gain site with a three com-
ponent force-balance accelerometer (FBA). Strong motion accelerographs
(SMA's) are also located at the seismic stations SNK, DRR, DLG, SGB, SAN, NGI,
BKJ, IVF, and CNB. Upward triangles denote SMA’'s only. At SAN we also operate
a digitally recording PDR-1 strong motion recorder with FBA sensors.

Figure 3. Map view and cross section of well located events recorded by the
Shumagin seismic network from 1979-1984. Note concentration of seismicity at
the base of the main thrust zone and the double Benioff zone beneath it.

Figure 4. All events with Mb 2 5.0 and shallower than 70 km as recorded in PDE
catalogue from 19683-84. Solid circles are events 2 5.5. The sections of arc from
B to B' and B to B" correspond to the areas of quiescence shown in Figure 5.
Also shown is the area that displays a reduced rate for events with Mb 2 5.2.

Figure 5. Cumulative number of PDE epicenters in the Shumagin region for
earthquakes of Mb 2 5.5. Beginning in late 1979 the rate of occurrence of events
is significantly lower at the 99% confidence level.

Figure 6. Time-distance plot of events with Mb 2 5.5 that were plotted in the pre-
vious figure. Statistical significance of a reduced rate is 99% for part of the
Shumagin region and 987 for the entire region.

Figure 7. Time-distance plot of events with Mb 2 5.2. Statistical significance of a
reduced rate is still 99% but the arc length is much smaller than in the previous

figure.

Figure B. Tilt, seismicity rates, Pavlof eruptive activity, and deep earthquakes in
the Shumagin region for the time period 1972-1985. At the time of the tilt rever-
sal in 1977-80, the seismicity rate for microearthquakes was higher, Pavlof vol-
cano was not erupting, and most of the teleseismically recorded deep earth-
quakes occurred in a cluster behind Pavlof. Deep earthquakes are from PDE
catalogue with x's being events with no calculated magnitude.

Figure 9. Top: Subdivision of the Shumagin gap into 3 subregions. Bottom: The
cumulative number of events in each of the boxes in the top figure is plotted
against time for the period 1979-1984. The rate decrease in 1979 in region B at
the end of the tilt reversal is not evident in regions A and C.
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Figure 10. Side view of well-located intermediate-depth earthquakes and focal
mechanisms for the Aleutian arc from 155-176° W. Focal mechanisms are plot-
ted in back hemispheres. Larger symbols denote earthquakes with recalculated
depths. Depths of remaining earthquakes are from the ISC, based on reported
pP arrivals. Symbol types distinguish events within the western (triangles, 172-
176°), central (squares, 162-172°), and eastern (circles, 155-162°) segments of
the Aleutian arc. Magnitudes range from 5.5 to 6.5. Larthquakes are plotted
with reference to the volcanic line. The dotted line indicates the approximate
location of the inferred main thrust zone. Dashed line connects earthquakes
inferred to be within the lower zone of seismicity. (Figure from House and

Jacob, 1983.)

Figure 11. Composite focal mechanisms for intermediate depth events that are
part of the double Benioff zone in the Shumagins. Left: Upper and lower zone
mechanisms calculated by Reyners and Coles | (1982). The upper zone exhibits
downdip tension while the P axis lies within the plane of the lower zone. Dotted
lines show the trace of the dipping plane. Right: Mechanisms calculated by
Hauksson et al.,(1984) after the proposed slip event. P and T axes appear to be
reversed from the 1979 results but note that the upper and lower planes are not
clearly separated ( x's are events defined to be in the lower plane for the pur-
pose of the focal mechanisms) and the number of inconsistent polarities is much

higher.

Figure 12. Cartoon showing relative locations of high and average stress drop
events. The high stress drop events occurred|at the base of the locked main
thrust zone while the average stress drop events were located at a much shal-

lower depth. |

Figure 13. Space-time plot of instrumental (1898 to 1982) and historical (1788 to
1897) seismicity of the Aleutian arc for great |(Mw27.8) earthquakes. We have
omitted a Mw=7.9 event in 1929 that occurred presumably as normal faulting in
the trench near the eastern end of the 1957 rupture zone. Each event is labeled
by year, Mw, and where applicable for historic events, tsunamis reported (T).
Magnitudes computed for historic events (from ‘time-predictable’, plate
kinematic models are indicated in parenthesis. Uncertain rupture zones are

indicated by broken lines.

Figure 14. Seismicity (Mw 2 7) of the Aleutian arc {(140°W to 169°E versus time
for the instrumental period 1898 to 1885. Top: The number of events per year is
differentiated for great (Mw 2 7.8) and large (Mw < 7.8) events by solid and
hatched symbols, respectively. Bottom: Histogram for the periods (years)
between subsequent great earthquakes (Mw 2 7.8 along the arc. Note the long

recent quiescence of 20 years.

Figure 15. Bottom: Map indicates the epicentral locations of the shallow (depth <
50.0 km) thrust-zone earthquakes with mb 2 5.0 occurring along the Alaska-
Aleutian arc from 1968 through 1984. Numbers indicate the distance along the
arc in thousands of kilometers and are for reference to the top figure. Top: Plot
of the interseismic moment-release rate along the arc as determined from the
events plotted in the lower figure. Moments were determined from Ms using the
relationship between Mo and Ms of Purcara and Berckhemer (1978). If no Ms was
reported, mb was converted to Ms using the relationships derived by Geller
(1976). The moment rate was smoothed with a 90 km long, trapezoidal moving
average window. Solid horizontal lines are the predicted moment-release rates
from plate kineratics, while dashed horizontal lines are the average rates

determined from the interseismic activity.
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APPENDIX A. 3.

Results from 13 Years Crustal Deformation Measurements
in the Shumagin Islands Seismic Gap
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RESULTS FROM 13 YEARS CRUSTAL DEFORMATION MEASUREMENTS IN THE
SHUMAGIN ISLANDS SEISMIC GAP

John Beavan, Ken Hurst and Roger Bilham

Lamont-Doherty Geological Observatory of Columbia University
Palisades NY 10964

Extended Abstract

Measurements

The Shumagin Islands (Figure 1) have been identified as a mature seismic
gap based on studies of historical seismicity and on estimates of great earth-
quake recurrence rate for the Aleutian arc as a whole (Kelleher 1970; Sykes
1971; Sykes et al 1980, 1981; Davies et al 1981; Jacob 1983). We have been mak-
ing crustal deformation measurements since 1972 in order to learn more about
the subduction process in the region. One short (~1km) level line has been
measured since 1972, two additional ones since 1978 and six more since 1980
(Figure 2). Sea level has been measured since 1972 at one site (SDP) by the
National Ocean Survey. We installed three additional sea level sites in 1981,
increasing to four by 1985 (Figure 3). A continuously recording two-component
short-baseline mercury-level tiltmeter has been running at one site (SCT) since

1984 (Figure 3). Related work is being done by the USGS (Savage et al, 1985)

who have measured a trilateration network several times since 1980, and by
NASA who began annual very-long-baseline-interferometry measurements at one
site (SDP) in 1984.

Leveling Data

Data from the level line measurements are shown in Figures 4 and 5. The
two lines with the longest history in the Inner Shumagins (SQH and SDP) show a
pronounced tilt reversal between 1978 and 1980. Prior to 1978 the tilt was down
towards the trench at 1.0 + 0.3 urad/yr; since 1980 it has been down towards the
trench at 0.4 + 0.2 urad/yr. Between 1978 and 1980 the tilt was down away from
the trench at 2.7 + 0.5 urad/yr. All these rates are significantly different from
zero at high confidence levels (Table 1). It is not possible to fit a single straight
line through either the SQH or the SDP data set; a statistical test (Crow et al
1960, pp 166-187) shows the data to differ from linearity with 99.5% and 99%
confidence, respectively. A line in the Outer Shumagins (SIM) also shows a tilt
reversal in 1980, though not at a high confidence level. Between 1978 and 1980
the tilt was down away from the trench at 0.7 + 0.6 urad/yr; since then it has
been down towards the trench at 0.3 + 0.2 urad/yr. Other lines oriented in a
NW-SE direction generally show slow tilt down towards the trench since 1980,
though there are one or two anomalous data points.

The 1978-1980 reverse tilt has been interpreted as resulting from an ~1m
aseismic reverse slip episode on the Benioff zone at depths between ~25km and
~B80km (Beavan et al 1983, 1984). The 1972-1978 and 1980-85 data have been
assumed to represent the normal strain accumulation in the area. We discuss
each of these interpretations below.
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1978-80 reverse slip

Figure 6 re-plots the SQH and SDP leveling data along with seismicity rates,
activity of Pavlof Volcano and occurrence of deep (>160km) earthquakes. The
spatial extent of the tilt reversal (both inner and outer islands), and the tem-
poral coincidence between the tilt reversal-and changes in seismicity rates and
volcanic activity imply that all may be related to|a single deep-seated process.
We have assumed that this process is aseismic slip occurring on the plate inter-
face over a zone ~100km along strike centered on the Shumagin Islands. The
100km length is suggested by the along-strike extent of deep earthquakes (Fig-
ure 7), and by along-strike changes in seismicity patterns (Taber and McNutt
1984). We have modeled the slip as a dislocation in an elastic half space; the
duration of the tilt reversal is < 2 years implying that viscoelastic effects are
unimportant. The plate interface is taken from Reyners and Coles (1982). It
dips 11° between the trench and 30km depth, then approximately beneath SIM it
steepens to 30° (Figure B), passing through a zone of high stress-drop inter-plate
earthquakes at about 45km depth. Below this it follows the top of the zone of
seismicity, which is assumed to be mostly internal to the subducting slab. Fig-
ure 8 shows surface uplift, tilt and linear strain in the direction of plate motion
for various dislocation models. The model results are compared with observa-
tions in Table 2; the uplift observation in the Inner Shumagins is taken from the
sea level data at SDP which shows < 100mm change between 1978 and 1980. The
only models that fit the observations require about 1m of slip on a plane
between ~25km and ~80km depth. Davies et al (1981) and House and Jacob
(1983) suggest that the main thrust zone (the zone |that will fail in a major earth-
quake) extends from the trench to ~45km depth. Hence the slip episode

appears to have broken into, and therefore relieved stress on, part of the main .

thrust zone. |

The postulated slip episode provides a possible explanation for the cessa-
tion of activity at Pavlof Volcano (McNutt and Beavan 1985). Figure 9 plots the
volume strain changes due to the slip. In the region of mantle beneath Pavlof
that may be supposed to be the "feeder” volume for the volcano, the average
volume extension is 0.8 ustrain. This may tend to relieve the stresses that force
magma out of the volcano, or may provide greater volume for storage of magma
within the mantle; either mechanism could provide a temporary lull in eruptive
activity. Any physical connection between the slip episode and the deep earth-
quakes remains enigmatic.

Strain accumulation

Savage (1983) proposed a simple elastic rebound model for strain accumu-
lation in subduction zones. The main thrust zone is assumed to remain locked
while the remainder of the plate interface slips steadily and aseismically. Strain
therefore accumulates in precisely the reverse of the pattern in which it is
released in the eventual earthquake. The surface displacements during the
strain accumulation phase can be calculated by applying a dislocation model
with virtual slip at the plate convergence rate on the main thrust zone. Thus our
Figure 8 can be used to model strain accumulation by changing the sign and
multiplying the vertical scales by 0.075 (to match the Minster and Jordan (1978)
75mm/yr plate convergence rate). Table 3 summarizes our observations,
Savage et al's (1985) strain observations and varjous model predictions. The
uplift observations are taken from our sea level measurements, and are based
on < 100mm change in sea level over the 1981-1985 period. None of the models
in which the main thrust zone extends to the trench fit the observed data. The
best fit is obtained with the upper end of the zone at 25-30km and the lower end
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at 50-80km. This is not inconsistent with the available seismic evidence and
implies that much of the shallow dipping part of the plate boundary is slipping
aseismically. It is generally accepted that aseismic slip plays a role near the
Earth’'s surface for many faults; however, whether such a mechanism could
operate to 25km depth in a subduction zone remains an open question. An alter-
native explanation of the discrepancy between model and observation may be
that the model is inadequate and that viscoelastic effects {e.g. Thatcher and
Rundle 1985) are of dominant importance.

Implications for a future major earthquake

If the 1978-80 slip episode is a rare event then it is of scientific interest, but
may not have any direct bearing on Shumagin earthquake risk. However, if it is
a quasi-regular feature of subduction in this region, it may be very important.
We speculated previously (Beavan et al 1983, 1984) that loading of the main
thrust zone by a future similar slip episode might trigger the expected great
earthquake, and that such an episode may occur around 1990 based on the
75mm/yr convergence rate and the ~1m size of the previous slip event. If the
plate interface is locked shallower than 25km then this remains a valid
hypothesis.

However, the post-1980 data collected by Savage et al {1985) and ourselves
suggest that the upper part (shallower than 25km) of the plate interface may
not be storing elastic strain energy for release in a future earthquake. Further-
more, the fairly close coincidence between the fault plane that best fits the
1978-80 reverse tilt data and the locked zone that best fits the 1980-85 strain
accumulation data suggest that the entire plate motion in this region may be
accommodated aseismically.

Since structural and seismic evidence (Taber and McNutt 1984) suggest
that a region 100km along strike centered on the Shumagin Islands may be
anomalous, it is possible that aseismic slip may be confined to the Shumagins
themselves. The remainder of the Shumagin seismic gap could be storing strain
in a manner that would eventually lead to a major earthquake, as is suggested
by the historic record.

Future Instrumentation

Our recent aim has been to install continuously recording instrumentation
for monitoring future crustal deformation activity within the gap. The sea level
data are continuous but to date have been rather noisy; with improved instru-
mentation installed in 1985 we hope to obtain ~20mm accuracy in relative sea
level between sites. Data from the continuously recording tiltmeter are shown
in Figure 10. The tilt records show typical initial settling curves and both com-
ponents presently show long-term rates < 3 urad/yr. This is still substantially
above the rate that would enable us to detect anything but a very rapid reverse
slip event in real time. We believe that the only continuously recording instru-
mentation available that will adequately monitor tilt in this seismic gap are a
deep borehole pendulum-type instrument or a long-baseline water-tube tiltme-
ter (Wyatt et al 1985).

Acknowledgments. Our thanks to Jim Savage for making available a pre-print.
The work is supported by U.S. Geological Survey grant 14-0001-08-G-944 and by
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INNER
SHUMAGINS

OUTER
SHUMAGINS

* Positive rates indicate that the tilt is
azimuth.

TIME
PERIOD

1972-78
1978-80
1980-85

1978-80
1980-85

TABLE 1

SHUMAGIN TILT RATES

RATE®*
purad a~

-1.0£0.3
2.71£0.5
-0.410.2

0.7£0.6
-0.310.2

AZ IMUTH*
degrees

Nt
-27121
-58+38

w!
-65¢37

CONF IDENCE
LEVEL

952
992
902

downwards towards the given

! Level line only measured in one azimuth, so tilt azimuth is indeterminate.

INNER SHUMAGINS
TILT prad
UPLIFT wm

OUTER SHUMAGINS
TILT prad
UPLIFT mm

INNER SHUMAGINS
TILT purad/yr
STRAIN pystrain/yr
UPLIFT mm/yr

OUTER SHUMAGINS
TILT urad/yr
STRAIN pstrain/yr
UPLIFT om/yr

TABLE 2

1978-80 I m SLIP EPISODE IN SHUMAGINS

OBSERVED

+5.4¢1.0
-100<u<100

+1.4¢1.2

30-50 =

0.6
-35

+0.6
+249

TABLE 3

DISLOCATION MODEL
for fault depth:

b c
25-50 k= 30-80
-1.0 +4.13
-45 +46
+5.1 -1.4
+150 +370

STRAIN ACCUMULATION IN SHUMAGINS

OBSERVED
1980-85

-0.4£0.2
+0.01£0.03*
-25¢<u25

-0.310.2
-0.03£0.05%
-25¢<u<25

a
30-50 km

+0.05
+0.02
+2.6

-0.04
-0.04
~-18.7

ELASTIC REBOUND MODEL

b c
25-50 km 30-80 kn
+0.07 -0.32
-0.05 +0.03
+3.4 -3.5
-0.38 +0.56
-0.01 -0.13
-11.2 ~-271.7

* from Savage et al. [1985], assuming zero strain aloag strike of arc.

for locked zone in depth range:

d
kn 25-80 lm
+3.8
+36
+1.4
+272
d e
25-80 km 0-30 km
-0.29 +0.04
-0.04 -0.15
-2.7 +1.0
-0.11 -0.05
-0.10 -0.23
-20.4 +13.6
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Figure 1. Recent earthquakes (shaded) and seismic gaps in the Aleutian arc
arrows show the relative plate

(adapted from Davies et al (1981)). The hea
motion direction. The rectangle shows the area of Figure 3.
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Figure 2. The Shumagin Islands, showing the locations and directions of first-
order level lines, whose lengths vary between 600m and 1200m. The resultant of
the data from lines SDP and SQH is used to esiirnate the tilt direction in the
Inner Shumagins. The resultant of SIM and SMH is used for the Outer Shuma-

gins.
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Figure 3. Location of the Shumagin Islands with respect to the trench and the
volcanic arc. Depth contours are in metres. Note the locations of Pavlof Vol-
cano and the Inner and Outer Shumagins. Also shown are the sites of sea-level
gauges operated by Lamont-Doherty and by the National Ocean Survey (SDP),
and the site of a short-baseline tiltmeter (SCT). Station SAD is no longer opera-
tive because of storm damage. Station CHN is not operating this year.
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Figure 4. See also Figure 5. All data (1972-1985) from level lines in the Shuma-
gin Islands. All lines except SMH are oriented approximately in the direction of
relative plate motion. The two data points each+year represent the forward and

backward runs of leveling. The error bars are +1a, based on variations in multi-
ple readings of each stadia rod from each| tripod position. The height
differences between the ends of the lines have been converted to slope by divid-
ing by the line length; changes in slope from year to year are due to ground tilt.
Several benchmarks are set at each end of each line to guard against bench-
mark instability. Lines SIM and SAD have only one data point plotted for each
year; this is because they have benchmarks between almost every tripod posi-
tion and the overall tilt is estimated by averaging tilts between adjacent bench-
marks.

Note particularly the 1.0 £ 0.3 urad/yr tilt down toward the trench between
1972 and 1978 on line SQH. The resultant of lines SQH and SDP shows a reversal
of tilt (2.7 + 0.5 urad/yr down away from the trench) between 1978 and 1980,
and a return to tilt down towards the trench (0.4 + 0.2 yrad/yr) between 1980
and 1985. The line at SIM in the Outer Shumagins may also show a tilt reversal
in 1980, though not at high confidence level.
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Figure 5. See Figure 4. Most of the NW-SE oriented lines show coherent behavior
since 1980, with slow tilting down towards the trench. Clusters of microseismi-
city at shallow depths below KOR in 1978 through 1880 may contribute to its
noisy behavior. The 1980 measurement on CHN was made immediately after set-
ting the benchmarks, so there may be some settling error due to hardening of

the concrete.
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Figure 7. Teleseismic data from the PDE catalog. Note the locations of the deep
earthquakes in a band ~100km along strike of the arc, centered on the Shuma-
gin Islands.
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Figure 8 (a,b). Dislocation models showing erface uplift (U), tilt in the plate
convergence direction (T), and horizontal linear strain in the plate convergence
direction (E), for 1m reverse slip on the fault plane shown. Table 2 gives uplift
and tilt at the positions of SDP and SIM, and average strain over the intervals
marked as the "inner'" and "outer" islands. These are compared wilh our tilt and
uplift observations, and with Savage et al's (1985) strain observations in Table 2.

The figures can also be used to show strain accumulation using Savage's
(1983) model. The polarity of uplift, tilt and strain should be changed, and the
vertical scales multiplied by 0.075 to give annual deformation rates assuming a
75 mm/yr plate convergence rate. This comparison is made in Table 3.
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APPENDIX A. 4.
Strain Accumulation in the Shumagin and Yakataga Seisanic Gaps

J. C. Savage



STRAIN ACCUMULATION IN THE
YAKATAGA SEISMIC

J. C. Savage

Strain accumulation in the Shumagin and

measured from the deformation of trilateratid

interval.

The measured rates are shown in Ta

80

SHUMAGIN AND

GAPS

Yakataga seismic gaps has been
»n networks during the 1980-1985

3ible 1. No significant deforma-

tion was detected in the Shumagin gap although the detection threshold was

well below the expected strain accumulation rate.

strain accumulation in the Shumagin gap is ei

The presumption is that

ither aseismic or episodic.

The strain rate in the Yakataga gap is consistent with that expected for the

60 mm/a plate convergence rate, although the

observed transverse component

of shear may suggest a somewhat more westerly direction of convergence than

expected. Surveys of a l-km—-aperture tilt ar
relatively uniform tilting at the rate of 0.7

of N53°E, roughly perpendicular to the rate g

FIGURE CAPTIONS

Fig. 1. Trilateration network in the Shumagi
taken as the boundary between the inner and g

Fig. 2. Line length L less a nominal length
for the lines in the Shumagin trilateration 1

Fig. 3. Accumulation of shear strain (Y1 and
and outer Shumagin Islands as a function of t

'ray at Cape Yakataga indicate a
urad/a down in the direction

f plate convergence.

n Islands. Nagai Island has been
uter Shumagin Islands.

Lo plotted as a function of time
etwork.

Yz) and dilatation in the inner
ime.

Fig. 4. Trilateration network near Cape Yak
Fig. 5.

for 18 of the lines in the Yakataga network. |
|

taga (Station Furr is on the cape).

Line length L less a constant nominal length L, as a function of time

Fig. 6. Accumulation of tensor strain as a function of time as indicated by

the 18 lines in the Yakataga network shown i

Fig. 7. Velocity vectors for stations in th
Fig. 8.
triangles) used to determine tilt in the two

are shown in the bottom sketch.

Tilt measured at Cape Yakagaga 1974-

Figure 5.
Yakataga network 1979-1984.

1983. The tilt arrays (solid
intervals (1974-1979 and 1979-1983)
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Table 1. Surface strain rates measured in the Shumayin and
Yakataga seismic gaps. The 2-axis is oriented parallel to the
direction of plate convergence (N30°W in the Shumagin gap and
M20°W in the Yakataga gap) and the l-axis directed into the NE
quadrant. Extension is reckoned positive. The quoted uncer-

tainties are standard errors.

Network Interval n-= éll‘égg Yp = 2¢) a = éll * é22

Shumagin Islands

Al 1980-85 -0.01 + 0.03 -0.03 + 0.03 -0.12 £ 0.07
Inner 1913-80 0.06 ¢+ 0.06 -0.01 ¢+ 0.05 -

1980-85 -0.01 + 0.03 -0.02 + 0.03 -0.12 + 0.07

Outer 1981-85 0.03 £ 0.05 -0.05 ¢+ 0.06 -0.20 £ 0.10

Yakataga 1979-84 0.26 £ 0.05 0.19 ¢+ 0.04 -0.11 + 0.08
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HAZARDS EVALUATION FOR LARGE AND GREAT EARTHQUAKES ALONG THE
QUEEN CHARLOTTE -~ ALASKA - ALEUTIAN SEISMIC ZONE: 1985-2005

by

Stuart P. Nishenko
National Earthquake Information Center

U.S. Geological Survey, Denver, CO 80225

Klaus Jacob
Lamont-Doherty Geological Observatory
of Columbia University

Palisades, NY 10964

INTRODUCTION

Conditional probabilities for the ocurrence of large, great (and giant)
earthquakes along specific segments of the Queen Charlotte-Alaska—-Aleutian
(QC-A-A) seismic zone are presented for the time interval 1985-2005. Time-
dependent recurrence models are combined with simplg Gauss and Weibull
distribution functions to forecast the likelihood of future events in this
region. At present, areas of high seismic hazard include the Yakataga gap as
well as a large portion of the Alaska Peninsula (including the 1938, Shumagin
gap and 1946 segments as well as possibly the Unalaska gap). Areas of low
seismic hazard include the entire Queen Charlotte seismic zone (1949
[excluding the possible Cape St. James gap], 1972 and 1958 rupture zones), the

1964 Gulf of Alaska, portions of the 1957 Central Aleutian and the 1965 Rat

Islands zones.
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The QC-A-A seismic zone is divided into 17 segments based on (1) the rupture

-
-

zones of the most recent large or great eart

hquakes, as defined by aftershock

distributions, and (2) variations in the amount of coseismic displacement

within individual rupture zones.

For each individual segment or gap along the
the time-dependent Gaussian model consists o
earthquake, the estimated repeat time and th
intervals between events (the coefficent of
the QC~-A-A seismic zone, the date and size o
Estimates of repeat time are calculated by d
in the previous event by
do not account for the effects of aseismic s
hence, represent minimum repeat time and max
available, repeat time estimates are supplim
data as well. The coefficent of variation a
poorly known, and we uniformly assign a stan
estimated repeat time in our estimates. A s

similar to that found in studies along other

plate boundaries (Sykes and Nishenko, 1984;

For comparison to the above evaluation, we h

historic repeats (and possible repeats) from

the A-A seismic zone using a Weibull distrib

the rate of fault motion.

QC-A~A seismic zone, input for
f the date of the last large

e standard deviation of time
variation). For the majority of

f the last event is known.

ividing the coseismic displacement
Note that these estimates
lip on recurrence intervals, and
imum ptobability estimates. Where
Lnted by historic and geologic
long any segment of the margin is
dard deviation equal to 33% of the
tandard deviation of 33%Z is

simple transform and convergent

Lishenko, 1985) .

ave also modeled the catalog of
Jacob (1984) along sections of

ution function.
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Both of these time-dependent descriptions of earthquake hazard (or conditional
probability) are compared and contrasted to estimates of seismic hazard baed
on a Poisson model of recurrence. The Poisson based estimates of conditional
probability are termed time-independent or static, as they do not include the
amount of time elapsed since the previous shock. In general, conditional
probabilities based on the Poisson model cluster around 10-40% for a 20-year
time window .throughout the entire QC-A-A seismic zone. Estimates of seismic

hazard based on all 3 models are presented in Table 1 and Figures ! and 2.

Overall, as seen in Table 1 and Figures 1 and 2, recurrence time estimétes
based on both the last shock and historic/geologic data vary by a factor of
two, while the range of probability estimates for each model, are wifhin 10~
20% of each other. This reflects the fact that 2/3 of the margin has ruptured
within the last 20-30 years, and is now within the first 1/3 or less of a new
seismic cycle. The segments with the largest uncertainties (and possibly the
highest probabilities) are along the Alaskan Peninsula (the 1938 and Shumagin
gaps). The poor resolution reflects a fundimental lack of data concerning the

sizes and locations of previous earthquakes in this area.

Time-dependent estimates of conditional probability that are lower than the
Poisson estimates for any particular segment are suggested to indicate a low
level of seismic hazard. Areas of low hazard (i.e. less than 10-20% for the
next 20 years) presently include the entire Queen Charloﬁte seismic zone (1949
[excluding the possible Cape St. James gap], 1972 and 1958 rupture zones), the
1964 Gulf of Alaska, portions of the 1957 Central Aleutians and the 1965 Rat
Islands zones. Note that while the hazard for Mw>9 earthquakes along the 1964

Gulf of Alaska zone is presently low, we cannot rule out the possibility for



the ocurrence of smaller (Mw7.5-8) events in this area, as is seen

historically for the Kodiak Island region.

Time-dependent estimates that are

greater than the Poisson estimates are judged to indicate a high level of

seismic hazard.

Areas of high seismic hazard (i.e. greater than 50% for the

next 20 years) presently include the Yakataga gap as well as a large portion

of the Alaska Peninsula (including the 1938
well as possibly the Unalaska gap). While
for some of these gaps, the spatial proximi
along the Alaskan Peninsula raises the scen
may trigger activity in adjacent segments a
one single segment., Historically, this sec
to the Shumagins, was ruptured by a great (

estimated rupture length of at least 600 km

the westernmost Aleutians, presently has a |

based on the extrapolation of the Weibull data.

exist to independently constrain the hazard

area.
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FIGURE 1: Conditional probability estimates for large

and great interplate earthquakes along the Queen Charlotte—Alaska-
Aleutian seismic zone: 1985-20085. Encircled numbers refer to fault
zones or segments listed in Table 1. Foe each segment, the percentages
and the height of box represent represent the range of calculated
probabilities based on Gaussian, Poisson and Weibull models (see bottom

of figure for appropriate symbol). Dates and vertical bars at the top
of the histogram refer to the time and lateral extent of the last large
or great earthquake in each segment. For zone 9 (Kodiak Island),

probabilities are presented for rerupture as a part of the 1964 zone
and as an independent unit. Mote that the zones with the highest
overall probabilities also have the largest uncertainties.
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FIGURE 2: Comparison of conditional probability estimates
for large and great interplate earthquakes along the Queen Charlotte-—
Alaska—-Aleutian seismic 1one. 1985-2005. Encircled numbers refer to
the fault 1ones or segments listed in Table 1. The percentages beside
each zone represent the range of calculated probabilities from Gaussian
(top), Poisson (middle) and Weibull (bottom) models. The shading of
each fault segment corresponds to the mean probability estimate (see
bottom of figure for key). Blank areas denote segments with lack of
sufficent data for a particular recurrence model,
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APPENDIX A. 6.

Evidence for Activity of the Castle Mountain Fault System:
A Review for the 1985 NEPEC Workshop

J. C. Lahr and R. A. Page
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6338F 9/3/85

EVIDENCE FOR ACTIVITY Of THE

CASTLE MOUNTAIN FAULT SYSTEM: REVIEW F

J. C. Lahr and R. A,

According to one tectonic model for southern
1980), the part of the North American plate bord

is divided into three subblocks. The Castle Mou

OR 1985 NEPEC WORKSHOP

Page

Alaska (Lahr and Plafker,

ering on the Gulf of Alaska

ntain fault lies within the

Wrangell block of this model and is shown along yith the principal regional

tectonic features of southern Alaska in Figure 1
|

A schematic cross section

of the Aleutian arc from Mount Spurr volcano to Fhe Aleutian trench, with

selected routinely located earthquakes auperimpo%ed, appears in Figure 2.

The three source zones for potentially damaging Larthquakea in this region

are: 1) Aleutian megathrust - earthquakes on t
between the North American plate and the Pacific
Prince William Sound earthquake; 2) Benioff zon
within the subducted Pacific plate; and 3) crus
to faulting and volcanic processes in the overri
During the past thirteen years of regional monit
been the principal seismic source near Anchorage
magnitude 4, including 5 larger than magnitude 5,
depth within 100 km of Anchorage. In contrast,

few crustal (depth less than 30 km) shocks, incl
magnitude 4. The largest of these was the 1984

epicenter is located just north of the trace of

.
9

he inclined thrust interface

plate, such as the 1964

e - earthquakes which occur
tal - shallow events related
ding North American plate.

oring, the Benioff zone has

141 earthquakes larger than

have occurred below 30 km

there have been relatively
uding only 11 larger than
Sutton earthquake whose

the Castle Mountain fault.

The Castle Mountain fault system extends abJut 200 km from the Susitna

River ENE across the Susitna Lowland and along t

he southern margin of the
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Talkeetna Mountains to the edge of the Copper River Basin (Figure 3). The
fault system passes 40 km from Anchorage, 15 km from Palmer, and 10 km from
Wasilla. Because of its proximity to the principal population center of
Alaska, the seismic potential of the fault system is an important issue.
Although future earthquakes as large as magnitude 7.25 to 8.5 (Ms) have
been postulated for the this fault system in various seismic hazard studies
(Patwardhan and others, 1980; Thenhaus and others, 1985), this is the first
study in which specific earthquakes have been unequovically associated with
the fault system.

The Castle Mountain fault system is divided into two segments (Detterman
and others, 1974): the western, or Susitna segment, and the eastern, or
Talkeetna segment. Although the Susitna segment of the fault system has long
been recognized as active on the basis of Holocene scarps (Detterman and
others, 1974), definitive geologic or seismic evidence concerning the
activity of the Talkeetna segment has been lacking (Detterman and others,
1976).

On August 14, 1984, a magnitude 5.7 B, (5.2 Mg) earthquake occurred
14 km north of Sutton in the vicinity of the mapped trace of the Talkeetna
segment. No surface breakage was discovered in an aerial recomnaissance and
ground inspection of the fault conducted two weeks after the earthquake
(T. P. Miller, U.S. Geol. Survey, oral comm., August 29, 1984). Well-located
hypocenters for 49 aftershocks (Figure 4) occurring between August 14 and
December 18 define a buried planar zone striking parallel to the mapped trace
and dipping steeply to the NNW, with dimensions of 10 km along strike and 5
or 6 km down dip. The shallowest of these events is located at 11 km depth;
the absence of shallower events is consistent with the lack of observed
surface breakage. The main shock is located at 19 km depth, near the depth
of the deepest aftershocks. Within the uncertainty of the data, the main

shock and aftershocks can be associated with a single, steeply
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north—-dipping fault, consistent with the mapped ‘race of the Talkeetna
segment,

The focal mechanism of the main shock was determined from 65 P-wave first
motions, primarily at regional distances (Figure 5). The slip plane is
inferred from the close correspondence between the ENE~striking nodal plane
and the attitude of the aftershock zone. Thus, the earthquake involved
dextral slip on the ENE nodal plane, consistent th the sense of lateral
Holocene offsets on the Susitna segment (Detterman and others, 1976). Based
on the orientation of convergence between the Pacific and North American
plates with respect to the Castle Mountain fault, thrust rather than lateral
displacement would have been expected. The dextral slip requires a
compressive stress direction rotated counterclockwise from the plate-
convergence direction. This rotation may be due}to variation in the level of
nvergent stresses along the

convergent stresses along the Gulf of Alaska. C

eastern Gulf of Alaska, within the zone of collision between the Yakutat and

—w o

Wrangell blocks, may be higher than those to the 'west, where a normal
subduction process occurs. This may be particularly true now, due to the
recent release of compressive stress by the 1964 | Prince William Sound
earthquake.

The closest large historic earthquake (Figur# 6) to the Castle Mountain
fault system is a magnitude 7.0 in 1933 with an #picenter 16 km south of the
Susitna trace, which was followed by a prominent{aftershock sequence. Within
the uncertainty in the epicenter location, this event may have occurred on
the fault. Another large event (magnitude 7.3) occurred 40 km north of the
Susitna trace in 1943. There are few aftershocks reported for this event, an
obgervation which could indicate a Benioff zone source.

The Sutton earthquake sequence supports the conjecture of previous

authors (for example, Woodward-Clyde Consultantﬂ, 1980; Thenhaus and others,

1985) that the Talkeetna segment of the fault system is active. In additiom,



a re-examination of the locations of small earthquakes recorded since 1971 by
the southern Alaska regional seismograph network suggests the association of
a few scattered earthquakes with that part of the Talkeetna segment west of
the bifurcation of the Castle Mountain and Caribou faults (see Figures 7 and
8). For the purpose of hazard evaluation, therefore, at least 130 km of the
Castle Mountain fault system should be considered active, from the
westernmost location of Holocene offset near the Susitna River, to the
bifurcation of the Caribou fault at about 148.5°W. Considering the
distribution of magnitude versus rupture length for previously studied
earthquakes (Slemmons, 1977; Bonilla and others, 1984), we conclude that if

this length of the fault were to rupture in one strike-slip event, the

magnitude would be within the range 7.2 to 7.8 M,
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Figure 4. Hypocenters of 1984 Sutton mainshock (star) and 49 aftershocks (circles)

located with a nearly homogeneous set of P and S phases and with a local velocity model

and associated station corrections.

Mountain fault (CMF).

in (c), (d) and (e).
fault strike.

Vertical section of hypocenters in plane

a) Map of epicenters in relation to trace of Castle

Solid squares, temporary stations GHO and MSE.
confidence ellipses for epicenters in (a).

b) Map of 68 %

Letters indicate end points of cross sections
c) Vertical section of hypocenters in plane A - A' perpendicular to
d) Vertical section of 68% confidence ellipses in plame A - A'.
B - B' paraliel to fault strike.

e)



112

CNF
o=

Figure 5. First-motion focal-mechanism solution (equal-area lower-hemisphere projection) for
1984 Sutton earthquake. Triangles, dilatations; circles, compressions; solid symbols, data
from long-period teleseismic records; open, from shart-period regional records; smaller
symbols, nodal first motion. Symbols "P" and "T" indicate P and T axes. Strike (@) and

dip () of nodal planes are given, as well as strike of Castle Mountain fault (CMF) and strike
of relative motion vector between Pacific and North American plates (RM1).
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APPENDIX A. 7.

Seismicity Patterns in the Adak Seismic Zone and
Short-term Outlook for a Major Earthquake

C. Kisslinger
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Seismicity Patterns in the A
and the Short-terms Outlook for

Carl Kisslinge
CIRES/Department of Geolog
University of Colorado

The prediction of earthquakes in an isl
be based primarily on the information provi
occurrence and physical characteristics of
Because the epicenters of the earthquakes i
interested occur under several kilometers o

|
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L, Rlaska, September B, 198%
dak Seismic lone

8 Major Earthquake

r
ical Sciences
y Boulder

and arc subduction zone must
ded by the patterns of

the earthquakes themselves.
n which we are most

f water, other approaches to

prediction, found promising in continental environments, cannot be

applied to the subduction zone associated w

arc with present technology and limited res

The Adak Seismic Zone and the Central A

Fig. t. The network provides data for moni

segment of the arc about 230 ke long, betwes

The catalogue assembled since August, 1974
Mo 2.3.

Some seismotectonically significant feat
1. Adak Canyon is a promi
It is the easternmost of
canyons that cut the arc from here out to 170°f,
revealed by our studies to separate regions with

also shown in Fig.
important feature.

th a typical island

purces.

eutians Network are shown in
toring in fair detail a

en about 175°W and 178.8°W.

s homogeneous down to about

of the seafloor are
and tectonically
transverse

and has been

quite different

tures
nent
the

f

characterisitics along the main seismic zone.
The framework for our attempts at prediction is provided by the

history of major earthquakes within the mai

thrust zone since 1900,

shawn for M: 7 in the lower part of Fig. 2, and moderate activity

since 1974,—§hown in the upper part.

The locations, magnitudes

and fault break lengths shown are very uncertain for events prior
to the 1937 great earthquake, with the 1901 event carrying a

location uncertainty of 5e,
able to assemble from available catalogues.

This is the best record we have been

it shows three

episodes during which the whole length of the Adak seismic zone

seems to have broken in major events, aroun
and in the great event of March 9, 1957.
years and 27 years. Since it is now 28 1/2
event, it is not unreasonable to anticipate
greater events beginning in the near future
evidence that the region may be in the late
for renewed major activity. The upper part
the marked deficiency of msoderate magnitude
years.

We noted a pronounced decrease in the n
with the local network, starting in Septemb
lasted until late in 1984, when the rate of
slowly. Because the drop in occurrence rate
magnitude bands was so pronounced, we have ¢
detail. Because of lingering doubts that tt
unknown change in our detection capability,

!

1909, around 1930,

The intervals are 21

years since the 1857
a series of 7 or

if there is other
stages of preparation
of the figure shows
events in the past 11

mber of events being located
r, 1982, a decrease that
activity began to recover

of earthquakes in all
examined the phenomenon in

e quiescence was due to some
we have compared the Adak

. catalogue with the PDE reports of earthquakes for the same interval, a
completely independent data set. This study also provides a test




of the utility of teleseismic catalogues for detailed monitoring
in small regions.

Because of the well-known bias in PDE locations of earthquakes in
this region, due to the effect of the subducting Pacific plate, as well
as the location errors typical of teleseisamic hypocenter work, there
are difficulties in using the PDE data directly for high-resolution
seismicity pattern studies. We have relocations using local network data
for PDE-reported events since August, 1974, For earlier events, back to
1963, we applied a mean shift in longitude, 0.18° to the east, to all
PDE epicenters. The latitude and depth errors are larger and aore
erratic, so we have considered activity within narrow strips extending
north-south across the arc, rather than trying to assign specific
locations to these events, and assumed that all events with PDE
depths given as less than 100 ke were in the main thrust zone.

We then compared the PDE-reported activity with the local
catalogue for the whole region and for various sub-regions. The
regionalization used is shown in Fig. 3. The West region lies
mostly in the Delarof Islands block, and was examined, but is not
included in the rest of this discussion. "All-Adak" here means
sub-reqions East, Central, SW2 and Canyon. The catalogues were
purged of swarmes and aftershocks, and only events stronger than
Mo 4.5 were retained in the PDE set and duration magnitudes 2.3
and greater for the local catalogue.

The resultcs are shown in the form of cumulative number plots against
time in Figurec 4-10. The All-Adak PDE events since 1963 show the
strong quiescence discovered by Habermann as a precursor to the
February/May strong earthquakes in SW2 and Adak Canyon (6.7/7.2).

There is a suggestion of a rate decrease prior to the 1977 event
in the east part of the Central region, but this decrease is not
highly significant statistically. There it no sign of gquiescence
beginning 1n the fall of 1982. When the data for sub-region SW2
are removed, a clear decrease in the remaining data set is seen
at the same time as the beginning of the local data guiescence.
SW2 became more active since July, 1980, with a steady production
of moderate events since, so that the quiescence in the rest of
the zone is masked. On the basis of this activation, we
correctly forecast the location of a m, 5.8 event within SW2 that
occurred on May 4, 1984, We conclude that SW2 marks an asperity
on the thrust zone that has continued to be active.

The comparison of local and PDE data is valid only since May, 1976.
Ac shown, although the nuabers of events in the PDE set in these small
regions is too small to permit robust conclusions about rate changes,
the data do permit interesting comparisons. The data for the East
region, 1n which the number of events is very small, track well,
including the recent increase. A significant decrease in the local data
began in late 1981. The two data sets for the central region are in
very good agreesent, and the highly significant drop in the local
network rate is confirmed. The rate decreases in SW2, though not as
strongly ac in the other regions; the activation seen in the PDE data
does not appear in the local data. This means that the b-value in this
subregion, known for a long time to be the lowest within the study
region, has dropped even lower.

The data for Adak Canyon confirm our previous qualitative estimate,
that this sub-region has had a deficiency of teleseims since 1974 (top
of Fig.1), but the rate of microearthquakes has been steady during thic



time. A 5.7 event occurred in the eastern

part of Adak Canyon in June,

1982, and there have been several more moderate earthquakes here since.
This activity may be part of the activatiod seen in nearby SN2,

The clustering of teleseisms and higher
1984 eve

around the epicenter of the May 6,
figure, taken from published papers.

Conclusions.

1. The quiescence detected in the local
beginning in September, 1982,
began at different times in different sub-r
began to return to the previous rate in par
1984. The question remains as to whether t
signals the end of a pronounced quiescence
or is an increase just prior to a big earth

2.
the teleseismic data since 1963.

Canyon. The second (1974-77) is weaker, an
Ma 6.7. The third is recent and its signif
determined.

3. SW2 is a small region characterized
of increased moderate activity, a low b-val
microearthquakes., It is a likely nucleatio
earthquake.

4. Given: the historv of =trong earthqgu
basis; the quiescence lasting three years b
Canyon earthquake of May, 1971, which was p
SW2; the deficiency of moderate earthquakes
the past 11 years; the activation of SHW2 si
recent activation of the eastern part of Ad
pronounced quiescence over the zone that be
present the following hypothesis:

An earthquake with surface-wave magnitu
the Adak seismic zone in the near future.
of a three-year precursory quiescence is ch
time is before the end of October, 1985. A
initiation of rupture is at the acperity in
main break occuring either immediately or s

is a real geo

Three intervals of reduced rate of o
One (1948
pronounced and ended with the 1971 ctrong e

stress microearthquakes
nt are shown in the last

network data,

logical occurrence. It
egions. The activity
ts of the zone in late
he recent behavior
with no major event,
quake.
ccurrence are seen in
-71) is very
arthquake in Adak
d ended with the 1977
icance is still to be

by four years
ue and higher stress
n point for a strong

akeec since 1900 as a
efore the 1971 Adak
receded by a 6.7 in
within Adak Canyon in
nce 1980 and the more
ak Canyon; and the

gan in 1982, we

de 7 or greater will occur in
If the single observed cace
aracteristic, the most likelyv
likely place for the
sub-regicn SW2, with the

oon after under Adak Canyon.




Figqure Captions.

1.

2l

(2}

-10. Comparicson of local and FDE data csince 1976 for the whole zone and

The Adak Seismic Zone, showing the 14 stations of the local network
and the bathymetry.

Top: Local network locations of events in the PDE catalogue, August,
1974 - June 1984. The epicenters of the May 2, 1971 and November 4,
1977 events (Mg 7.2 and &6.7) are marked by stars. The deficiency of
teleseismically located events in Adak Canyon is apparent.

Bottow: Time-space plot of major earthquakes (M7 and greater), since
1900, Lengths of fault breaks are estimates, locations of events
before 1957 are highly uncertain.

Regionalization used for the seismicity analysis. The small
rectangles are the sub-regions adopted for local analysis, the broad
north-south strips are those used for comparison of FDE and local
data. The Wect region is thought to be outside of the region of
current special interest,

Independent PDE events 1963-May, 1985, cumulative number ve. tiame.
The arrowheads mark: the 197! events in SW2 and Adak Canyon, the
November ,1977 event, the 1980 start of activation in SW2, the 1982
start of quiescence across the zone, and the 1984 5.8 event in SW2,
The All Adak data show no quiescence beginnng in 1982, the data with
SW2 removed show it clearly, and the SW2 data show the activation of
this eite cince July, 1980.

for the <cubregions. The locel data figures include a running
ecstimate of the significance of the difference of the mean number of
earthquakes during the 52 weeks before and after the point plotted;
peaks correcspond to rate decreases, troughs to rate increases. The
99.7% significance levels for the differencec in meanc are marked by
the horizontal lines at 2.57. The arrowheads mark the same times acs
those in the later part of Fig. 4.

11. Seismicity in SW2, showing (top) the cluster:ng of moderate

earthquakes (squares) around the epicenter of the May 6, 1984 event
(Bowman and Kisslinger, BSSA, February, 1985) and (bottom) the
concentration of higher stress microearthquakes with a similar
distribution (Scherbaum and Kisslinger, BSSA, December, 1984).
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Expanded abstract for NEPEC
meeting, Anchorage, Alaska,
Sept. 8-9, 1985

Geologic Studies Related to Earthhuake Potential and

Recurrence in the "Yakataga Seismic Gap"
George Plafker

U.S. Geological Survey

345 Middlefield Rpad

Menlo Park, CA 94025

Geologic data relevant to earthquake recurrence times in the "Yakataga

seismic gap" are primarily the ages of coseismic marine terraces at Middleton
Island in the Gulf of Alaska and along the maiLland coast between Yakataga and
Icy Bay (Plafker and Rubin, 1967, 1978; Plafker, 1969; Plafker and others,
1981). These terraces are believed to record pne or more abrupt coseismic
uplifts of the shoreline relative to sea level following long periods of
interseismic strain accumulation and relative stability with respect to sea
level.

Middleton Island, near the margin of the continental shelf in the

northern Gulf of Alaska, has emerged from the sea during six major episodes of
coseismic uplift from oldest to youngest of about 7 my, 8 my, 6 my 9 m, 7.5 m,
and 3.5 m which are recorded by exceptionally well-exposed and preserved
marine terraces (fig. 1). A1l but the youngest uplift have been dated by
radiocarbon methods at roughly 5,090, 3,890, 3,500, 2,420, and 1,290 (all +
250) calendar years before present, respectively, and the most recent uplift
occurred during the great March 27, 1964 Alaska earthquake. The radiocarbon-
dated material is either driftwood or the oldest peat on the terrace

surface. Recurrence time for these movements/is on the order of 400 to 1,300
years. During this period, the eustatic leve] of the sea was either slowly
rising or stable; thus the episodic nature of the emerging terraces requires

that the pre-1964 terraces are also primarily| tectonic in origin. Average
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uplift rate is approximately 10 mm/yr since the island first emerged from the
sea 5,090 years ago and there appears to be an abrupt decrease in the rate of
uplift to 6 mm/yr in the interval preceding uplift of the 1964 terrace.
Independent evidence for the long strain accumulation period that preceded the
1964 event comes from radiocarbon dating of shorelines that were tectonically
submerged in the eastern part of the earthquake focal region (throughout
Prince William Sound, the Copper River Delta, and Cape Suckling). These data
indicate that submergence occurred throughout this region and that at Montague
Island it was continuous for at least 1,180+70 calendar years prior to the
earthquake at an average rate of 6 mm/yr. (fig. 2). These data preclude the
possibility that a 1964-type event involving significant uplift affected the
Mentague Island area for at least 1,180 years prior to 1964.

The accumulated Middleton Island terrace data suggest recurrence
intervals of 400 to 1,300 years for large arc-related events of the 1964
type. The data from terrace uplift steps and rates at Middleton Island,
together with the results of triangulation resurveys in the earthquake-
affected region, suggest that at least half of the strain accumulated during
the 1,300 years that preceded the 1964 earthquake has yet to be released,
assuming no significant aseismic prequake creep. The accumulated strain could
be released either by aseismic creep or in one or more large earthquakes over
a time interval that is short, relative to the interval between successive
terrace uplifts. Because the tide gage data indicate recovery rather than
continued gradual strain release since the 1964 earthquake, it appears more
likely that any residual accumulated strain at Middleton Island will be
released during future earthquakes.

Along a heavily forested segment of the mainland between Cape Yakataga in
the west and Icy Cape, four marine terraces have been dated by their included

peat, wood and organic sediment layers. Radiocarbon dates obtained on organic



material from these raised shorelines provide
6,520, 4,990, 2,820 and 1,400 (all + 250) cal

average uplift of about 63 m, 37 m, 21 m and

13 m (fig. 3).
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approximate terrace ages of

endar years for corresponding

The terraces have

similar depositional sequences, with thin deposits of beach and lagoon facies

overlying surfaces cut into both unconsolidated sediments and bedrock.

The

terrace sequences are commonly overlain and concealed by thick fluvial and

fluvioglacial deposits; dated material comes
terrace.

The average uplift rate (corrected for e
isostatic uplift) for the past 6,500 years is

approximately half this amount at Cape Yakata

ga.

from the lagoonal facies on each

ustatic sea level rise but not

about 10 mm/yr near Icy Cape and

The upward slope in

elevation of the terraces eastward towards Icy Cape may be due to an isostatic

component related to deglaciation at Icy Bay.
uplift occurred as discrete major coseismic s
from oldest to youngest would be 1,530, 2,170

years, with steps of about 15.5, 17, 7.5, and

Assuming the entire terrace

teps, the recurrence intervals

, 1,420, and 1,400 calendar

13.5 meters. However, because

of the dense vegetation cover and poor exposure on the terraces, it is

probable that not all terrace steps above the

identified.

stage IIl terrace have been

The plate-convergence rates along this part of the Pacific margin

are 50-60 mm/yr so that the terraces record only part of the tectonic

deformation in this structurally complex and

tectonically active region.

The last uplift step of about 13 m that formed the stage IV terrace

occurred about 1,420 years ago. Thus, if the
major terrace-forming earthquakes in this are:
suggested by the interval between the stage I
suggest that the next uplift event in the Cape

imminent.

In summary, terrace data suggest that te

2

average recurrence interval for

3 is about 1,400 years, as

[I and IV terraces, the data

Yakataga-Icy Cape area may be

ctonic uplift rates in both the
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Cape Yakataga-Icy Cape and Middleton areas near both ends of the "Yakataga
seismic gap" lag behind the long-term average rates. Future uplift of these
areas most probably would occur during one or more major earthquakes along the
convergent boundary between the Yakutat and Wrangell blocks which extends
northeastward from the eastern end of the Aleutian Trench along the Pamplona
zone to the Fairweather transform fault. Because major earthquakes along this
boundary are also 1ikely to be accompanied by large vertical displacements on
the continental shelf, they could generate seismic sea waves capable of

causing coastal damage far from the earthquake focal region.
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Yakataga Seismic Gap, Alaska
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Review of Seismicity and Microseismicity of the Yakataga Seismic Gap, Alaska
by

Robert A. Page, John C. Lahr and Christopher D. Stephens
U.S. Geological Survey, 345 Middlefield Road, Menlo Park, CA 94025

Summary Review of available seismicity and microseismicity from the
vicinity of the Yakataga seismic gap provides no indication that a
great, gap-filling earthquake is 1ikely to occur sooner rather than
Tater in the next decade or two. First-order features of
microseismicity monitored since 1974 within and adjacent to the gap
have been remarkably stable,

The Yakataga seismic gap is bounded on the west by the aftershock zone of
the 1964 Prince William Sound earthquake, on the east by the aftershock zone
of the 1979 St. Elias earthquake, on the south by the continental shelf edge
and the Pamplona zone -- the deformational front within the accreting Tertiary
Yakutat block -- and on the north by the 40-km isobath of the NNE-dipping
Wrangell Benioff zone (Fig. 1). The seismic gap lies in a region of great
tectonic complexity (Fig. 2). North-northwestward motion of the Pacific plate
relative to the North American plate results in predominantly dextral slip
along the Fairweather fault system in southeastern Alaska and subduction along
the Aleutian Islands, the Alaska Peninsula and the Kenai Peninsula. The gap
lies in the transitional zone between these two tectonic regimes.

Seismicity (magnitude m_ 4.5 and larger)

The Yakataga gap was ruptured by an M¢ 8.5 shock on 4 September 1899
(McCann and others, 1980). A second great (Mg 8 4) earthquake occurred on
September 10 on the eastern edge of the gap with the most severe effects
reported around Yakutat Bay (McCann and others, 1980). For 1900 to 1958 the
known seismic history includes no earthquakes larger than magnitude 6.0 within
a distance of about 100 km of the gap, as depicted in Fig. 1. In July 1958,
an Mg 7.9 shock broke the northern Fairweather fault; a pronounced group of
aftershocks near 60.3 N, 140 W marked the northern end of the inferred rupture
(Tobin and Sykes, 1968). A few months later, in September, a magnitude 6.3
event occurred on the southern edge of the gan. No other shocks of magnitude
6.0 or larger occurred in or near the gap prior from 1958 to the time of the

1964 earthquake.

The eastern end of the 1964 rupture zone is commonly identified with the
eastern 1imit of the dense concentration of aftershocks near Kayak Island, at
about long. 144 5°W (Fig. 3, upper left), but many shocks occurred in 1964 and
1965 both perpheral to and within the Yakataga gap. McCann and others (1980)
interpret these shocks to be a surge of triggered activity rather than
evidence of the 1964 rupture extending into the gap. However, observations of
coastal unlift (Plafker, 1969) and later geodetic resurveys in an area north
and west of Cape Yakataga (Lisowski and Savage, 1980) indicate that
significant slip on the megathrust extended about 50 km east of Kayak Island,
as far as long. 143°W. Thus, the 1964 shock may have relieved some of the
accumulated strain within the western part of the gap.
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The seismicity in and around the Yakataga gap since 1960 for magnitudes

larger than my 4,5 (Figs. 3 and 4) is dominated by the aftershock activity
following the 1964 earthquake which decays inversely with time after the main

shock (Fig, 4). A second prominent feature

in the seismicity is the

persistent activity on the eastern edge‘of the gap in the Icy Bay-St. Elias

region, around long. 141°W,
site of 1979 St. Elias earthquake (M, 7.6);
Some of the earthquakes that have occurred i
since 1979 have been followed by pronounced
a pair of my 5.0 shocks on 2 and 3 May 1982;
been followed by relatively few shocks (for
June 1983). Elsewhere on the periphery of t
occurred since 1965, the most noteworthy bei
sequence on the southeastern edge of the gap
Ms 6.8 and mb 5.8, In contrast to_ the activ
only one shock has been located well within
1967 -- and two shocks (my 4.6 and 4.5) near

The pattern of seismicity in the vicinit
resembles that which has preceded major shoc
prominent earthquake sequences as well as is
perimeter of the gap. However, no cluster o
considered as diagnostic of an impending gre
on the northern edge of the gap -- the downd

where a gap-filling earthquake would likely o

This area was active prior to 1964; it was the

nd it remains active todav,
the St. Elias-Icy Bay region

ftershock sequences (for example,
see Fig. 10), while others have

xample, an m, 6.0 shock on 28
e gap, several shocks have

g the 1970 Pamplona Ridge
including events as large as

ty around the gap, since 1965
he gap -- an m, 4.8 event in
the boundary of the gap.

of the Yakataga gap since 1965

s elsewhere to the extent that
lated events have occurred on the
seismicity that could be
t earthquake has been recognized
p edge of the postulated thrust--
riginate. The only concentration

along the downdip boundary is the mainshock and a large aftershock of the 1979

St. Elias sequence, but no sizable shocks ha
1979, Within the gao, no shock larger thanr

Microseismicity since 1974

The USGS regional seismograph network wa
William Sound through the area of the Yakata
numhber of stations and the area being monito
constant from 1974 until the summer of 1985,
because of budget constraints. Microearthqu
seismic gap is shown in Figures 6 through 9
including annual intervals since October 197
one must allow for three facts. First, the
shocks within a 150-km-wide band landward fr
occurring either offshore or farther inland.

:

ve occurred in that area since
Ny 4.5 has occurred since 1979.

5 extended eastward from Prince
ga gap in the summer of 1974,
red (Fig. 5) remained nearly
when 13 stations had to be closed
ake activity in and around the
for several consecutive periods,
9. In interpreting these plots,
etection threshold is lower for
m the coast than for shocks
Second, east of about long.

The

145°W, all sufficiently well-recorded shocks have been located; whereas, west
of that longitude, only those events larger than a threshold magnitude have

been located. The threshold increased from

about 2.0 in October 1980, or from about my

April 1984, shocks in the St. Elias aftersho
magnitude 1.0, or my 1,0, have not been loca
based on coda duration are generally low com
preliminary analysis, the empirical relation
magnitude my  §s mh = 1.3 mp - 0.39).

coda magnitude of about 1.5 to
1.7 to mh 2.3. Third, since
ck zone smaller than about coda
ted. (Estimates of magnitude
pared to my, Based on a
between my and duration

The most striking feature of the microseﬂsmicity since 1974 (Figs. 6-9) is

the stability of the gross features of the a
another. The spatial pattern of shocks in

tivity from one interval to
he 4 1/2 .years before the 1979
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earthquake (Fig. 6, top) is remarkably similar to those in the six l-year
intervals after the earthquake (Figs. 7-9).

Within the Yakataga gap, a diffuse concentration of seismicity has
persisted since 1974 in the middle of the gap beneath Waxell Ridge, amidst a
75-km-wide band of scattered activity paralleling the coast. Details of the
Waxell Ridge activity have not been resolved because of the lack of
seismographs in the area. The largest events range up to about my 4.0.

Focal depths for the better-quality hypocenters lie in the range Y0-30 km;
however, depths are not well constrained because of the lack of close stations
and uncertainties in the velocity model. Within the 1imits of the data, these
shocks could be associated with a subhorizontal fault -- a patch on the
inferred megathrust. Alternatively, they could be related to faulting within
either the subducting or overriding plate. Along the eastern margin of the
gap, seismicity associated with the Icy Bay-St. Elias zone of activity laps
into the gap. Elsewhere within the gap, there are only scattered minor
clusters of shocks and isolated events.

Along the northern boundary of the gap, very few shocks have occurred
except in the epicentral ‘area of the 1979 St. Elias earthquake. Activity in
the epicentral area has been gradually declining since 1979 to the present.
Note that a low level of activity was observed in this area before 1979 (Fig.
6, top). On the eastern, southern and western boundaries of the gap, there
have been both persistent concentrations of seismicity and isolated events.
The most notable concentration is the seismicity in the Icy Bay-St. Elias
area, which was active before, as well as after, the 1979 earthquake. The
rate of activity in this area has been decreasing slowly since 1979 (Fig. 10,
top). The Icy Bay-St. Elias area is characterized by shallow, low-angle
thrusting, as observed for the 1979 earthquake. The seismicity is confined to
shallow (less than 20 km) depths but is laterally distributed over a broad
area. In general, it has been impossible to delineate buried faults in this
area by mapping hypocenters, because the spacing between seismograph stations
exceeds the depth of the shocks and thus precludes sufficiently precise focal
depths. After the 1979 earthquake, however, temporary stations augmented the
permanent network and permitted precise location of aftershocks occurring near
the center of the rupture zone. The precise hypocenters define a horizontal
or very gently dipping failure zone less than about 2 km thick in the depth
range 10-15 km, which is inferred to be the principal slip surface in the St.
Elias mainshock. No evidence of an upward bend or of surface-directed splays
in the southern part of the rupture zone has been found in the microearthquake
data, although a few small events have been located above the main thrust zone.

A second persistent concentration of seismicity’along Ehe boundary of the
gap is near the mouth of the Copper River near 60.5 N, 145'W. This activity
is confined to the depth range of about 15-30 km. The pattern of first
motions for two of the largest events suggests normal slip on a moderately to
steeply inclined fault, but the broad horizontal extent of shocks within a
narrow depth range suggests that low-angle faulting (thrusting 2) may also be
occurring. Recently obtained microearthquake and seismic refraction data in
this region may help to resolve the tectonic details. Elsewhere along the gap

boundary, an my 5.2 shock in Segtember 1980 near the edge of the continental
shelf was neither preceded nor followed by locatable earthquakes.
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In the area surrounding the gap, concentrations of pers1stent sexsm1c1ty
are also observed, notably a northeast-trending zone near 61.5° N, 146.5°W and
a more diffuse pattern near the head of Yakutat Bay. North and south of the
gap, the seismicity is more diffuse and sppradic. The continental shelf area
is characterized by scattered events. The segment southwest of the gap
consistently has been more active than thaﬁ to the southeast, but it has been
conspicuously quiet over the last several months (Fig. 9, bottom). North of
the gap, a large number of shocks have occurred near the northwestern end of
thg Duke River segment of the Denali fault system, approximately in the region
61°N - 62°N, 140°W - 142°W. The act1v1ty, which includes an my 5 3
mainshock and aftershock sequence in 1983, has fluctuated in both space and

time.

Histograms of earthquake occurrence within selected regions (Fig. 10) show
the general stability in the rates of microseismicity within the Waxell Ridge,
Copper River delta and western continental shelf areas and also the overall
decay in activity within the St. Elias area since the 1979 earthquake.

Outside the St. Elias area, no first-order changes in rates of seismicity are
observed. At magnitudes below the completeness threshold, an apparent
temporary increase in activity occurred in the Waxell Ridge, Copper River
delta and St. Elias areas between about November 1980 and September 1981;
however, since 1981, the activity has continued at about its previous, lower
level. The patterns of seismicity observed since 1979 do not suggest to us
that a gap-filling earthquake is imminent. We find no indication that a
gap-filling earthquake is more likely to occur within the next year or two
rather than in a comparable interval in tFe next decade or two.

|
|

|
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Fig. 1. Yakataga seismic gap (dashed boundary) in relation to aftershock
zones of principal earthquakes since 1900 (solid boundaries). Heavy
line, 40-km-depth contour on top of Wrangell Benioff zone.
CRD=Copper River Delta; IB=Icy Bay; KI=Kayak Island; MI=Middleton
Island; PWS=Prince William Sound; SE=Mount St. E11as V=Valdez;

Y= Yakataga, YB=Yakutat Bay.
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Fig. 2. Seismotectonic setting of Yakataga gap. Pacific plate motion vector
relative to North American plate from RM1 pole of Minster and others
(1974), Principal faults with known or suspected Cenozoic motion;
barbs on upthrown side of reverse faults. Shading within the
Aleutian volcanic arc and Wrangell Mountains indicates upper Tertiary
and Quaternary volcanic rocks. 50-km and 100-km contours on top of
Beninff zones from Lahr (1975) and Stephens and others (1984), Note
offset and divergence between 50-km contours of Aleutian and Wrangell
Benioff zones. DRT=Duke River thrust; YB=Yakutat Bay.
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Fig. 4. Longitude-time plot of earthquakes plotted in Figure 3. The data are
incomplete before 1964; body-wave magnitudes have been routinely
computed by the PDE program only since April 1963. Symbol size as in
Figure 3. Four prominent earthquake sequences are observed; 1964
Prince William Sound, 1970 Pamplona Ridge, 1979 St. Elias, and 1983
Columbia Bay. The approximate extent of the Yakataga gap is shown.
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Fig. 7. Epicenters of earthquakes located with data from the regional

seismograph network for 1979-80 and 1980-81. Symbols as in Fig. 6.
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the abundant aftershock activity. Apart from the intense aftershock
activity, there is a remarkable similarity in the gross features of
seismicity with the 4 1/2-year interval before the St. Elias shock

(Fig. 6, top). (Bottom) Succeeding interval beginning 1 1/2 years
after the St. Elias earthquake.
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